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FOREWORD

The Office of Naval Research was pleased to cosponsor the Fourth Inter-

national Conference on Electrorheologica., Fluids. The field of electrorheological

fluids has come a long way since Willis Winslow's seminal experiments with mnix-

tures of corn starch and mineral oil in 1947. The pace of innovation has been

particularly rapid in the last five or six years. The Contficznce provided a timely
aswessmeat of the current state of the art. A variety of novel materials was re-

ported that promises to expand the limits of perforinauce of these fasiiiating

fluids. Significuant results were reported in the areas of properties and inechlanisims.

The agenda included an excelielnt balance between baisic results and potential ap-

plication. In that regard, it is it pleasurc to note the significant level of industrial

representation. It is also grUtifying to note the breadth ot tihe international par-

ticipation widi eighty larticiptats from fifteen cotuntries, All of these factors hed

to presentations and lively discussion that imore than met ouw expetations for lith

conference. The Office of Naval Iesearch wiihes to vxpre.s its gratitude to our

Coupousors, Telinikuin Voralberg wao Southern Illinois University at Carbloiimde.

Special tlaiiks wxe due to our host, the Music Sthuob l Sttllit Matutina, Feldkircli,

Austria, for providing superb suppor nd L 11 i0ost inspIiring Cmrlilmonzent.

Dr. Liuce B3. l(obinsoir

Director

Science Dir'ectoraLte

()Olice of Nava les('arch

Ailingtolr, Virgini:L
November 22, 1993

ONR N0ooo001-11-1-0'2
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PREFACE

The Fourthi International Conference onl Electrorheological (Ell) Fluids took

place at the right timle whenL both the US Depar-tient of Energy and the Gov-

eronient of Japani released reports, ussessing the great potenitial of ER filuids for

future industrial an(i technological app)licationis. The thrust areas ini which rrseardi

is neededu werp. also idlenltified.

The coniferencet wa~s hield at the ancient city of Feldkirch. Austria, from Juldy 20

to 23, 1903. A total of 58 p apiers were pin'esm'iteti, Which detscribeI td tihe ClOtt i llig edge

of reseisrei ini ER fluids, andIe ee cVInatI 'rial-NS ti ('dun ioIgy, I)II i toL caVCMl thiU So i1s,

propertites, ale a pplicatioins of ER flid t s. Highly prouit h ive ale ds -- i CliitIficali]N St illl-

1hating discuissio ns folloitwed til1 uI' u' lit ati o, 11AnHt' I t. ietat. '. f-ar'. of fLi 'clii ioutIg' WitS

disseminiated. Since the Third Inturnational ''oiteieicev oiui Ell Fluid-, ili I 9i , sig

iiitican't pro~greiss IO.LS lweOl nIdi' ill both RI&D ;uid aplctolý

Tine confericev was spouisoredI by thev ( Mlice of Navol Ib-sainch ( USA). Techi

Iuikiuin1 VOraLl-lb(Tg ( Austriia), MiId S'Olt-1lo'rn Il1l1101S Ul~VIiixersitL Oit hrondtlie ( USA).
Ill spijt4.' of the call 1-ulat ccollnulliv staiilait ionl inl Europe and! Japall oho.iltut SO pro'

pie froii IS cotilitries pai riipated inl the coiaferviiee. TlIn following ctmiu le tti icsp111

ipated: AulStr-ia. Bctlai us ( Foirmer Soviet Uiuit~ii). ('nuIMbi, ('imilnu, riu,('iiii

C I-c-ee Italy. *Impan. lionig Kouig. l, 'ka South Norea. Smith Afi icn. Unitech

Kiiiigulcul. UicI l United Stmeiis oif Aiimerica. Ill addhit.1011 b) tOe .11jvrsi (' 1;Ihnt

tiiiiiiih4 b Wil omtoiii'V1. uiMiJ11i inthtisilics frutiuil ;111 
ovil- t hit lwvin'ld will' aIlso l'')i-p'so'li'ch.

,\saihi (Chiimijcal, ilnyit A(;. B kSF AC;, anid HOthiLSt AG.
)Inl SIM'Cial thainiks me docl to

IDipi. lug. Minik us Liiiiai-t, "Tech iiiktiim \cNirar 1ezg,

Di. Mamitice A. Wright, lDiii'itoi' of Nlatc'i'idS FT( iiiitthgy CCeuuTei Soott ierii

Whit iSt' 'Oil ýJ cit alMIIid ' 11C11) W Tcssiit ial]i lgrelet nits for thit'succit' tts of tihe (: tuft' iuet.

WVX O15 tllr S~Ii' ilL
1 

Upii] iati 'ont i tio MIrs. Kareni P4L1l141'r fimi' in ivltial V d ' SlV ac

ill viooriihiiitiuig the ('oiieft'rt' ii..

Gabriel D. Roy

Office of Naval Researchi

Rongpji 'Taoc

Soulthernl Illiniotis U.ii ',ersi ty

Novi 'itt) r 1 993
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THE POLARIZATION, STRUCTURING AND RHEOLOGY OF ER FLUIDS.

K. M. BLACKWOOr', H. BLOCKW, P. RATTRAY', G. TSANGAFiMS" and
D. N. VOROBIEV3

'Centre for Molecular Electronics, School of Industnal and Manufa.cturing
Science, Cranfield Institvte of Technology, Cranfield, Bedford, UK

2Department of Chemical Engineering, Section III Materials Science
and Engineering, National Technical University, Zografou, Athens,
Greece

3institute of Prysico-Organic Chemistry, BSSR Academy of Sciences, Minsk,
Belorus

ABSTRACT

Recent dielectric and rheological measurements of ER fluids ba, Ad upon
poly(anthracene quinone radical) under continuous and pulsed dc fields are
described it is shown that given sufficient time, large fields induce interfacial
polarizations which act to structure the fluid in quiescent conditions, leading to
enhancement of relative permittivity and shifts in the dielectric relaxation
frequencies. These dielectric experiments and with microscopic observations
confirm that fibrillation and column formation occur, which are very time
persistent for undisturbed fluids, even after the fields are removed. Alternative
methods of applying the field, either in a single step or as a sequence of steps
to gain the final level, result in differing outcomes dielectrically and cause
differing structures as observed optically.

It is shown that the dynamics of structuring can be probed by applying single
rectangular pulses of field for differing periods (10*4 - 102 s) and following these
by measurement of the fluids dielectric spectrum. From such data,
characteristic times descriptive of the polarization abilitiss for a range of fluids
was derived and these were successfully correlated to the iteld strength (E),
base fluid viscusity (ri) and volume fraction (0) using a simple theoretically
based relation.

The rhelogy of iuch fluids under a field of rectangular unidirectional pulses of
varying frequerucy have been measured and the results are presented and
related to the dielectric measurements. In combination these provide the basis
for a discussion on how and when the rates of polarization may influence the
switching possibilities of ER fluids in use.

1. Introduction

Electrorheological (ER) activity is bolieved to involve the polarization of the
particles and subsequent interactions1 4. In conditions where there is no flow
these cause extensive structuring by the fcrmation of fibrils which are the likely
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cause of the mechanical strength of the :- ,lid state 4
.
6. The physics behind

such structuring has been discussed and to some extent modelled6"7 as has the
dynamics of the interacting processes in flow8 . Amongst several difficulties in
correlating observations with theoretical prediction is the problem of visualizing
the structures formed at depth, because of the turbidity of ER fluids, particularly
for the more concentrated and practically significant ER dispersions, Looking
at dilute fluids or thin layers of fluids under the microscope may well not give
representative data but by extending the wave length of the probing radiation
many of these problems disappear. This is an unusual but instructive view of
the role of dielectric spectroscopy involving the frequency dependence of
relative permittivity (e') and dielectric loss (s") under radio frequency radiation.
Since such spectroscopy can be done under dc organizing electric fields and
in flow, the method is particularly apposite for ER fluids. What is valuable in
such an approach is that particle interactions and consequent full or partial
structuring markedly changes the fluid's dielectric spectrum.

We have previously reported preliminary observations of large field induced
enhancements of E' and P" of ER fluids, particularly if the solidified form
develops2 . 'hese parameters reflect the polarization and, in terms of their
dependence on electrical field frequency f, the dynamics or the polarization,
which in the case of many if not all ER fluids involves interfacial processes.
When this is the case the magnitude of the polarization can be strongly affected
by the shape of the polarizing entities"'. As described below, the field induced
permittivity changes of ER fluids provide a means of investigating structuring
in opaque situations whilst aspects of the dynamics of such structuring can be
studied by using pulsed field techniques-

The rheology of ER fluids under pulsed fields can provide insight into the
dynamics of particle-particle interactions and we have already reported some
preliminary work in this area2 . Below we present further observations involving
pulsed field effects on the rheulogy of ER fluids.

2. Experimental

The ER fluids used were based upon dispersions of poly(anthracene quinone
radical) (PAnQR) 3,12 . Thus they belong to the anhydrous class of ER fluids and
are particularly effective in that they retain field induced stress enhancements
up to considerable shear rates (circa 104sA'). To make these fluids, synthesized
PAnQR was ground and sieved to exclude particles Ž38 pm and dispersed at
known volume fractions (0) in dried silicone cils of various viscosities (-I).

Dielectric measurements under both still and flowing situations and with or
without fields present were made using the equipment previously described2.
This included a pulse generating system capable of delivering high voltage

4I
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rectangular pulses at set frequencies from dc to 104Hz with rapid rise and fall
times ( ,=10s). For the purposes of some of '.he dielectric experiments, single
pulses of selected period were electronically isolated and applied to the ER
fluid.

The rheological properties of ER fluids under pulsed fields were measured
using a modified' Carri-Med controlled stress 'heometer with a Couette cell.
Here the applied field (E) was in the form of a continuous train of rectangular
pulses and applied to the rheometer cell when driven under a constant stress,
so that any effect of a time varying field was reflected in real time by the
variation of the angular velocity co.

Optical microscopic studies of fibrillation were undertaken using Leitz Laborlux
microscopic set at 16x magnification. The ER fluids were placed in 1 mm wide
channels formed by fixing stainless steel electrodes on the surface of
microscope slides with the ends and upper surface of the channels unsealed.
Because of the high turbidity of the ER fluids, optical visualization was only
found possible for dilute dispersions ((D • 5%) even with the shallow layers of
fluids used.

3. Results and Discussion

3.1. Dielectric changes of quiescent ER fluids caused by the application of
electric fields.

We have already reported2 that an electric field has the effect of enhancing E'
of an ER fluid and also causes a shift in its dielectric relaxation frequency fR.
Further investigations have shown that these changes, which were ascribed to
structure formation under field, are very persistent when the field is removed
and depend upon the way the field is applied. The dielectric spectra shown in
Fig. I illustrates the long term stability of such ER fluids which makes possible
post-field dielectric measurements on quiescent ER fluids, thereby removing the
need for the protecting circuitry 2 between dc source and impedance bridge in
such cases.

The persistence of this effect in the absence of mechanical agitation is not
surprising considering the very small Brownian diffusion path that particles of
this size undergo at ambient temperatures. Much less expected was that the
method of applying the field affected the dielectric outcome as shown in Fig. 1
and also illustrated in Fig. 2 where Cole-Cole'3 representations are given.
Applying a dc field in one step induces a much larger increase in permittivity
than doing so in smaller incremental stages. That this effect was not due to
any insufficiency of time tor the changes to occur was established by allowing
the system to come to dielectric equilibrium as shown by the constancy of Its



6
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f/Hz f/Hz
Fig. 1. The relative permittlivitles (c:) end dielectric losses (c.") as a iunctiun of frequency (f)
of a 20% PAnQRsJrlcone ER f'i-d. 0 shows the behaviour before the application of a field, 0
the result of a lkVmm1 field applied In one step and A the effect of building up that field in
staged 1OOVmm" Increments. Filled points refer to measurements made with the final field
present and open points with the field removed but the flu'd left mechanically undisturbed. The
viscosity of the silicone oil was 98 mPas.

6 8 10

Fig. 2. Colo-Cole plots for a 20% PAnQR/sllicone ER fluid with no field (D ) and after I
kVmm"1 applied as a single step (0) and in multiple 100 Vmm t steps (i,). Tho base viscosity
of the silicone oil was 98 mPas. Cole-Cole parameter- x were 0.412, 0.428 and 0.432
respectively. The dielectric incremeni, &' 1? the difnerence in a' betwe•n tho low and high
frequency values for th3 dielectric process under consideration and corresponds to the length
of the Cole-Cole arc.
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0 200 500

/iEM
1000 2000 3000

Fig. 3. The development of columnar structures under electric fields (voltage over a 1mm gap
quoted) for a ý 5% PAnQPJsilicone ER fluid. Observed microscopically when the field had
been applied "all at once" (upper plates) or in steps of 0.2, 0.3, 0.5, 1 and a further I kV (lower
plates) with equilibdum having been Individually achieved in the single step and each of the
stages of the multi-step afternative methods. The viscosity of the silicone fluid was 98 mPas.
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is

10 F5%
o~o_.________--_-------_-__-

0.5 1.0 1.5 2.0 2.5 3.0
E / kV mm"

1

Fig. 4. The effect of altedng volume fraction of particulates on the fted (E) dependence of
dielectric Increment (A&' for some PAnQRJhiwcone based fluids when the field Is applied as a
single step. Open points relate to 98 mPa sulicone oil whilst solid points show data obtalnsd
using 20, 98 or 490 nPas slicone oil.

Impedance under field. The phenomenon must reflect the development of
differing dielectric states and consequent variations in the stnrcturing of the
particles when the fif;:! is applied in these differing ways. That this is indeed
the case is confirmed b;, optical microscopy studies on thin smears of more
diluto but otherwise iK:drttical ER fluids. Fig. 3 shows examples of this diversity
of structures which as far as we are aware has not previously been recognized
although the formation of columns is a known outcome of fielding ER fluids6.
Our observations indicate that the incremental field application leads to a much
coarser columnar struciume and that building the columns "all at once" causes
more of these to develop but that they are thinner. Since the dynamics of the
growth process must involve a self diffusion of particles from an initially
uniformly distributed source, the explanation for these differences in behaviour
could be the consequence of differences in the effective capture distance and
force fields involved in these differing fielding regimes. A full analysis of this
would require modelling the nucleation and growth of columns under these
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S.

4

0.2 0.4 0.6 0.8 1.0

E / kV mm-'

Fig. 5. The result of varying the mathod of fielding on A,:'. Field (E) applied as a single step
(0) or in 100 Vrmi"' (0) stups with 20% PAnQfq In 91r mPas sllicone fluid.

101

R

.10

- I I I I I

0.5 1.0 1.5 2.U 2.5 3.0
E / kV mm"I

Fig. 6. The relaxation frequencies (fR) for single step fielded PAnQR/sillicone fluids. D , 5 (Li),
20 ( ) and 35% (,) dispersed in 98 mPas silicone fluid.
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1000
f R

500

100-

0.2 0.4 0.6 0.3 1.0

E /kV mm"1

Fig. 7. The effect of varying the method of field (E) application on the relaxation frequency (fR).
Open points Indicate single step and closed points that the field was Incremented at 100 Vmm'
steps.

differing fielding conditions. If the optical observations and thedielectric
differences havo common origins, then, following suitable analysis, the build up
of these structures could be monitored by permittivity measurements: thinner
columns leading to higher permittivities than thicker ones.

The dielectric changes, reflected in the dielectric spectra and Cole-Cole plots,
can conveniently be quantified in terms of M obtained as the arc length of the
Cole-Cole plot and fR obtained either directly from the spectra, if the maximum
in loss is visible, or by numerical analysis of the frequency for maximum loss
obtained from the Cole-Cole arcs. It is then possible to study how these
parameters vary with E, V and -q under alternative fielding regimes (Figs 4 to
7). il has little effect on An' and the underlying structure formation, but 4) does
have an effect on the dielectric spectra and derivable A' and fR' In situations
where the intensity of the dielectric spectra are simply the result of additive
contributicns from components, spectra plotted in terms of Ae'D would follow
a common locus. Further, with dispersions involving particles whose sizes are
much larger than molecular dimensions, one would expect all polarizations
involving the constituent molecular dipoles to occur at the same relaxation
frequencies regardless of D. As Figs 6 and 8 show this is far from the case
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with fluids which have not been structured under fields but is approached when
fields are applied to enhance AU'YI and reduce fR.

30

20

10

11 0 2 13t 101 10s
f/Hz

Fig. 8. The vaiatlon of Ad'/V with frequency (0) for PAnQR/siUcone at various c [5 (0). 10 (0),
20 (A) and 35% (v) when no field is applicd (solid points) and 1 kVmm 1 had been applied as
a single step (open points). The v!3coslty of the slicone oil was 98 roPas.

With the PAnQR (conductance aw 10"4 Sm') based fluids studied here and
probably in many if not all cases of effective ER fluids, the polarization
mechanism is likely to be interfacial with electronic charge migration to the
particle-fluid boundary being the probable polarizing mechanism. The dielectric
outcome for such interfrcial polarization processes have been extensively
modelled with the simplest and most apposite being that due to Wagner' ,
dealing with a dilute dispersion of spheres and that of Sillars11 , particularly in
his treatment of conducting cylinders embedded in an insulator and aligned
along the field direction. The former could reflect the unstructured state before
fielding since the PAnQR particles, although by no means regular spheres, are
not very anisometric. If columnar structures form under field then the Sihars'
model has some similarities to the structured state which however is based on
more irregular structures than simply uniform cylinders in array. These mndels
indicate that for the same 0, Mu' is much larger with normally aligned cylinders
rather than with a dispersion of spheres which fits in well with observed
behaviour. However for dilute conditions to which both analyses were
restricted, the models predict that Ac' is proportional to (D and f, is independent
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of 0. Concentration dependant effects on A,' or f, are often assorcated with
interactions between polarizing regions which depend on their separation and
thus concentration. Relating this to ER fluids we note that in the absence of
field the interfacial proces'. is limited to isolated particles in much nearer
proximity than between columns when th ese form the polarizing entities via
particles in some degree of electrical contact. This could explain why
concentration effects due to coupling tend to dissappear under field when
structuring has occurred (Fig 8).

Although the expected increase in W' and drop in fR is seen, in other respects
the simple Sillars' model is daficient. There is nothing in that analysis which
predicts that cylinder diameter or spacing has any influence on the dielctric
spectra once the concer~tration of cylinders is fixed, and thus the model fails to
address tho variation of dielectric behaviour with field strength and application
history, which on visual evidence is due to differences in column girth and
spacing. Furthermore, in applying the Sillars' model to the present situation
no precise meaning is attached to his end capacitance caused by the "gap"
between a cylinder and its near electrode, nor to the internal capacitance of the
"cylinder". With a structured ER fluid the columns are built up of contacting
particles which introduce radial and axial contact resistances and capacitances
within the columns, as well as doing so at their junction with the electrodes.
There will also be inter-column capacitative effects which would become more
Important the closer the columns are stacked, that is with higher concentration
or with thinner structures located closer to each other. Both internal contact
and Inter-columnar impedances would change with the level and mode of
application of the field if the visual observations on thin layers of dilute fluids
are any guide to the structuring which occurs. The effects within the columns
would dominate over inter-column effects, which however should not be
neglected as they are involved in the different dielec.;i, outcomes of the
alternative fielding methods which gives rise to the structure variation. To
quantify the effects on such a basis requires numerical modelling of the network
impedances of contacting lattices of particles for the columns and the inter-
column Impedances for arrays of these which finally approximates to the
structured fluid as a whole.

3.2. Dielectric measurements following the application of pulsed fields.

In order to study some of the dynamics of the structuring, fields of a single
pulse were applied for a predetermined time (10-4 t c 102 s) and the dielectric
properties measured afterwards, this being possible because of the long term
stability of such structured ER fluids when left undisturbed. Figs. 9, 10 and 11

,,,,, I- - influences A, ' under varying E, an'u -. " ... 01 ....
that for very short pulses structuring does not occur and that full structuring can
only be achieved if the field is applied for long enough. For intermediate -c, an

-- ----------------------



13

t0

7 i/ -i

A

9, r

10 & 101 10"o t. to- 10 ' 10 to'
'r /s

Fig. 9 The variation of A&' for a 20% PAnQR/slllcone ER fluid with pulse duration (r) for
"selected E: 0.2 kVmm'(O), 0.5 kVmm'"(), I kVmm'(v) and 2 kVmm'(C3). DispersIons In 98
mPas silicone oil.
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Fig. 10 The variation of &' for PAnQR/slUcone ER fluids at various (D with 1 kVmm"1 pulses
of duration v. 0: 0,5, 10, -20 and 0 - 35 %. Dispersions in 98 mPas silicone
oil.
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Fig. 11 The variation of W for 20 % PAnQR/sillcone ER fluids at various silicone oil viscoslties
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incomplote attainment in AB occurs and this reflects the incomplete structuring.
Thus the levels of A'(T) as a function of pulse duration provides a method for
monitoring the dynamics of the structuring, with increasing E or (D or decreasing
-q speeding up the process. in order to aid quantification of these effects we
start by defining a time scale in terms of -%, the period which would establish
50% of the equilibrium M' level. Fig. 12 shows how tr varies with E, 0' and
-q for silicone based PAnQR fluids. Forced diffusion towards structuring would
appear to be the underlying mechanism as confirmed by the following simple
analysi-.

4-

0

-30

E:

00

0

2

0

1 I Ii

10 11 12 13

[og[E 2' 4'3 r-jlC 2 kg m 3 s- 3]

Fig 13. The data of Fig. 12 as a function of -'VE"2. Least mean square line shown solid
whilst best fit with unit slope shown broken.
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Fig 14. Master plot of normalized Permittivity data for PAnQR/silicorie fluids usin scaled~
Ad(T), A6'(0), and Al;'(co) are the dielectric Increments after applying the fil E as ad sigl

stop for time -r and at the limits z -4 0 and T-,. Respective values for E/kVmm'1 , (D and
n/mPas Indicated by the following points: * 1, 0.05,98; 0 =1, 0.35, 98; 1, 0.2, 490,
A-11, 0.2, 20;,r= 0.5, 0.2, 98; v a2, 0.2, 98; U 0.2, 0.2, 98; 0 =1, 0.2, 98 and *= 1, 0.1. 98.

The force arisas because of the induction of dipoles by the field aind would lead
to pairwise interactions whose magnitude at largf; rrter-particle separations r
would contain terms of the form p(t)21rA, where P(t) describes thb oclarization
developed since the pulse started at t = 0. Because the dispersior~s are not
always dilute and because the act of structuring itself causes a time dependent
reduction in r, the above term would only indicate a leading term In, what then
becomes a multipole time dependent pairwise problem. Nevertheless P(t)'1rA
should serve as a scale for c~haracterizing the force, which, with P(t) O. E and
the mean separation of particle centres scaling as 4)"3 at the start c~' the
process, gives a force scaling as E 2041. In this we have ignored the time
dependence of polarization which could be allowed for by time averaging using
the frequency dependencea of E;', but 1r, thle light of the other approximations and
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the fact that cj < (2frR)"1 this is needlessly complicated, particularly as the E'
dependence would remain. The inter-particle force causes particle motion
whose velocity (x force/Ti, so that any characteristic period to cover a selected
distance becomes a function of -n"4)E-2 and -c should scale with this. Fig. 13
shows that this is indeed the case with the expenmntally deteimined best
straight line shown having a slope of -1.02 + 0.10 which at a 90% confidence
level encompasses the expected Unit negative slope. Scaling individual pulse
data to E24cZTt' and the extent of structuring in terms of the achievable
polarization levels measured in terms of the step in As' between very short and
very long pulses has then enabled us to construct a master plot for all the data.
This is shown in Fig. 14 in which explicit values for E, (D and -q are subsumed.

3.3. Rheology under pulsed fields.

10 -- 50mNm at E=O

10 -
rtl

10"1 10- 3  10-2 10"1 100
T/s

Fig 15. The response in terms of the angular velocity ((o) of a rheometer driven at 25 or 50
mNm set torques and containing a 35% PAnQO dispersion in 98 mPas silicone oil. The ER
fluid is being energized by rectangular pulseo fields of period T with each upper curve
coreaponding to the response to the trough (0) and lower curve to the peak (2 kVmm 1 ) field.
The dashed fines show the levels of o in the total absence 0f field and the position of the
arrow inr!cates the dielectric relaxation ,'me for the system In that case.
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In flow, fibrillation is partial and dynamic and even the polarization of particles
can become shear rate (y) as well as field frequency dependent, thus effecting
the interacting dipolar fcrces. However, provided the vorticity of the flow field
is not so high as to interfere with the ability of the particles to polarize, a level
of induced dipolar interactions persist, which by resisting the action of the flow
cause the phenomenon of ER, even though extensive fibrillation is absent. A
fluid with useful ER behaviour is one in which these forces are rapidly switched
in flow and persist at high -y. ER fluids vary in these respects and it is
important that dynamic shear data and electrical response times be examined
if a fluid is to find practical application.

Investigations have already shown that our PAnQR based ER fluids have a
raoid response to pulsed fields 2, much faster than the time scale for the full
columnar structuring discussed above, and this reflects the shorter time scale
for forces to switch compared to the time scale needed to build columns in
quiescent fluids. Furthermore, the pL',sed field rheology alluded to ran into the
practical difficulty that the inertia of the rheometer bob often dominated the lag
of the rheometer to individual pulses of the applied field.

This problem is visible in Fig. 15 which also shows that by varying the
frequency of regular rectangular pulses the critical period for the ER response
in flow can nevertheless be identified; not via a lag in response to an individual
pulse, which is dominated by the inertia of the rheometer, but as a change in
the time averaged nature of tne flow. That figure shows (o measured at times
corresponding to the trough (upper curves) and peak (iower curves) of the
applied unidirectional rectangular pulsing fiold when a 35% PAnQR/silicone ER
fluid is the substrate. Two different drive torques (25 and 50 mNm 1 ) under
2kVmm' peak-to-peak fields were applied. Levels of o in the absence of field
under these torques are shown by the broken lines. As fluid dynamic analysis
confirms, the switching between field restricted and field free flow which sets
in below 100 Hz is dominated by the inertia of the rheometer and only becomes
totally effective at pulse frequencies less than 10 Hz. For frequencies > 100
Hz there is no corresponding time resolved variation of co visible, rather the
response of the rheometer is time averaged to a mean level. However, there
are differences in that mean level under differing levels of torque. At the lower
torque and consequent co, the rotation does not revert to the field free case
even when pulses as short as 10-4s are used to energize the fluid, but at the
higher torque and consequent faster flow such reversion is shown. Here a
more pronounced drop in ER effect starts at field "on" times which correlate
with the dielectric relaxation time under that field (marked by the arrow in Fig.
15) and progresses until Lt 104 s pulse duration o) regains the field free value
within experimental error. This is evidence that the faster flow in combination
with the limitod time for polarization destroys the polarization and consequent
interactions. This data also shows that the fluid undar test is also an effective
one with an ability to respond rapidly at high shear rates.
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4. Conclusions

We have shown that dielectric measurements on ER fluids can provide an
insight into the field induced structuring in the bulk state and the dynamics of
this process. The time scales involved for such large scale ordering are long3r
than the dynamic response of the ER fluid in flow so that one can conclude that
there are at least two characteristic time scales involved in ER behaviour: a
long time structuring process relevant in the main to the Bingham state and a
dynamic response which reflect the polarizaticrn and consequent interactive
forces between the dipersed particles.

[he types of study described provide methods by which the physics of the
phenomena may be probed and correlated with chemical and physico-chemical
attributes of the materials which go into ER fluid formulations. That is an
important aspect of the described investigations. However, another
phenomenon has come to light in the observation of the substantial
enhancements of the permittivities of still ER lfuid when fields are applied. This
together with their stability may lead to non rheological application for ER fluids
or composites derived from them.

Finally thsre remains the question of the types of structure which build up under
various fielding regimes. We have shown that dielectric measurements may
well provide a method of probing these, provided satisfactory models relating
structuring parameters to permittivity can be developed. Success in such an
analysis would provide data on the structuring of ER fluids in still conditions and
might well lead further to include shorter range ordering under conditions of
flow. The dielectric "visualization" which could result thereby, using measured
dielectric data in flow, would provide much useful data for the dynamic
modelling of ER.
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FIRST EXPERIMENTS ON MAGNETOELECTROR !-TEOLOGiCAL

FLUIDs (MERFs)

W. I. Kordonsky, S.R.Gorodkin and E.V.Medvedeva

Luiko" Heat and Mauss Transfer Ilnstitutc, Academy of Science, Minsk, Belartis

1. Introduction

Phenomenologically, the ER [Ij and MR [21 effects are close in character but

fundamentally different in the physical nature of the mechanisms responsible for structure

formation. Each of these mechanisms has characteristic advantages and disadvantages.

Hlowever, common to both effects is their ability to sturation. And what is more, it

would be beneficial to extend the possibilities for structure control using two independent

physical channels.

2. Description of MER Fluids and Experimental Setutp

The main problem on preparing a dual fluid consists in speci•ying the procedures

of manufacturing a dispersed solid phase sensitive both to electric and magnetic fields

One of the procedures was based on coating a fi|rroniagnetic particle surface with an

electrorheologically active layer. Non-colloidal y-iron oxide (Fc203) particlce; ( 0 6-I tUn

in mean size) were selected as a ferromagnetic dispersed phase (Fig. 1). An amine-

containing activator was applied over a particle surface to provide the sensitivity to an

electric field.

Transformer oil served as a carrier fluid. Sedimentation and aggregati3n stability of

a fluid was gained by using a stabilizing addition (high-dispersed activator-treated colloid)

forming within a volume of a matrix that prevented the sedimentation of heavy

ferroparticles and their coalescence. The matrix did not hinder the approach and

Jr,"
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interaction of particles being formed their structure, was easily deformed under a shear,

and was reconstructed at a stop.

To conduct iheological measurements when a MER fluid is under separate and

combined electric and magnetic fields a ,special co-cylindrical viscometric bell-type cell

(Fig2) serving as an attachment to torque meter I (WM) of the viscometer RV-12

manufactured by Firm "HAAKE" has been designed. The cell contains metal fixed cup 2

and rotating bell 3 located in the cup cavity. The cup, with its outer surlace coaled with

electrical insulating layer 4, is slipped over the core of magnetic field inductor 5 and is

connected to high voltage supply (HVS)6. The bell is earthed. Milliampernieter 7 in the

caithed circuit is meant for determining fluid electtical conductivity in the cell Inductoi

coil 8 is connected to DC supply (DCS)9. The MER fluid is placed into the cup cavity and

TM is connected with the bell shaft. When 'I'M rotates in a gap between the bell and the

cup the Couette flow is achieved The magnetic and electric fields are applied when DCS

and IIVS are switched on separately or sinmultaneously. In this case, the force lines of the

fields are normal to the shear. In experiments, measurements have been made of shear

stress, t, at varying: magnetic field intensity 1 V(0-80) kAkm, a c. (50 I Iz) field so ength

F (0- I ) k V/mm, shear rate j -s(6-445) s, and volume concen tratinoni, (p (2, 0, 8, I )")1', of

activated y-FC20(1 particles.

3. Measurement Results

At the first stage, an optimal amount of the activating addition in the ferromagnetic

powder has been determined. From experiment it has been found that a relative viscous

stress increment (x-'o)/to (to's are the viscous stresses under no fields) vs weight

concentration of the activator at an electric field and at magnetic and electric fields has a

maximum around 13%. Available extremal concentration is associated with the fact that

with small additions the activator volume is insufficient to completely coat the particles

and to create optimal conditions for charge transfer and buildup; in out case, large
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additions have reduced the MER fluid quality, thus causing particle coalescence and

coarse conglomerate formation.

Further, the MER fluid containing an optimal amount of the activator on the

particles has been used,

Rheological measurements have shown thai under no fields the MER fluid behaves

as a linear viseoplastic medium with a small yield uoint, t- occurring due to the available

stabilizer (Fig.3). The magnetic field gives rise to xt owing to structure formation in the

MER fluid and results in the nonlinear behaviour of -t,:f (i) at small and moderate shear

rates characteristic of MR fluids. At an electric field the MER fluid flow curve is similar to

the traditional ER fluid one.

Under two combined fields, viscous stresses in ER fluid flow much grow. As this

takes place, it should be especially noted that first the flow c'irve is almost parallel to the

y-axis and this is very convenient for control of" such fluid flow; second, values of 'tI-

exceed a sum of "tn and %t especially at small shear rates. Growing the dispersed phase

concentration yields an expected linear increase of the shear stress increment, A-t , under

separate fields, and under combined fields the relation AMt= ((p) is quadratic in nature

(Fig.4).

It. Visualization Procedure

As mentioned above, the MER fluid refers to a class of dispersed fluids being

formed their structure under external physical field3. The rheological behaviour of such a

system is determined through the characteristic of a microstructure formed by a dispersed

phise particle field. In doinig so, of dominant role are the strength, packing density, shape,

and mutual arrangement of structural elements, as well as the dynamics of their break and

ftzination in thic shear flow. The essential difference in the flow curves, concentration

dependences, and the availability of the supertotal effect point to qualitative differences in

microstructures formed under electric, magnetic and combined fields.

- -
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For visualization of the processes to occur in MER fluid flow the setup (Fig- 5) has

been designed to visualize on the monitor and to make a video filr of a 200-fold

magnification structure formation picture in creep flow of low-concentrated (transparent)

fluids in a narrow rectangular (0.x2.O)mn. channel between high-volt electrodes disposed

in a magnetic field, allowing the mutual orientation of the force lines of two field to be

changed.

Visualizations have shown that the electric field (Fig oa) ind'.ices relatively thin and

fine structural chains that "intergrow" through the entire gap, continuously break, and

appear with a frequency correlating with the shear rate.

Under a magnetic field (Fig.6b) separate densely p)acked clongated practically non-

interacting aggregates are formed, having a vety small (close to poitnt) contact area with

the wall.

Under combined fields (Fig.6c) thcre exists a system of densely packed aggrcgates

that intergrow through the gap. Their contact with the wall occurs through a set of

"branches".

Under crossed fields oriented along the magnetic field (and channcl axis) separate

aggregates unite in a fine cellular structure connected with the electrodes

Thus, combining two mechanisms, tiamely: niagnetodipole interaction of a particle

ferromagnetic base and formation of chains necessary fbo charge transfer and buildup) on

the activated particle surface gives rise to a qualitatively new tuiclostructure responsible

for the above MER fluid properties

5. Concluding Remarks

"The complex of the rheological MER fluid properties to some extent hinders the

analysis and estimation of the obtained results. Owing to this, an attempt has been made to

present all numerous experimental data in a unique generalized form. Phenomenulogically,

a relative viscous stress increment (t--t,)/i, or, what aniounts to the same thing - a
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characteristic viscosity [ with tile MER fluid flowing under a field (or fields)

depends on a strength, geometric dimensions, and orientation of elements (particle

aggregates) of a microstructure, as well as on the magnitude of an clectric charge of

parlicles (or aggregates), charge transfer velocity, and a collision firequency of' separate

elements of the microstructure during charge transfer under a shear.

Logically, it may be assumed that under all other things being equal, the above

physical parameters depend on the ratio of electric and magnetic field energy per Unit hflid

volume to the hydrodynamic energy of shear flow per unit volume. Such an energy ratio

can be presented in the lbrm of the modified Mason number as

•tt~l J I ' tuto1: 2

S

where i.to:L I 256.10-4 (il/m, and k;U -8 85 I)"1 Kl2/N m2 are the magnetic and dindeclri;

permittivities, respectively, I is the MER fluid saturotion magnetization, i, is the relative

dielectric permitivity of the MEER fluid

Note that the complex S contains all assigned parameters of shear MER fluid flow

under magnetic anl electric fields. To determine S, the known procedures have been

adopted to measure real values of I and c of' MER fluid samples. Values of the relative

dielectric permittivity for an appropriate concentration have been taken at electric field

frequencies close to the ones used in rheological experiments.

Figure 7a plots the characteristic concentration - normalized viscosity vs complex

S for a sm.ll sampling experimental data. Points on thil plot are broken down into three

lines according to three variants of the external action: electric field alonee; magnetic field

alone, two combined fields To our mind, thle reason !br such a scatter may be as follows.

In the expression for electric field energy tile complex S is based on the classical

4r
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polarization mechanism. I lowever, foir example, in thle experiments 131 it is shown that tile

strength of a nmodel ER fluid chain (and this means the ER effect) is determined not by the

dipole-dipole interaction of polarized particles but by the conditions for charge transfer

and buildup. The measured strength of' the dielectric particle chain by an order or

magnitude exceeds the one measured by thle polarization model.

In this connection, we have included soni dimensionless coefficient ( allowing lor

tile above disagreement into the complex S. A new writing of the conmplex will be as

p" IlI I I4IzxEL2

In a general case, the coemelicit 4 must be a complex tunction of a li~Ihmbe 01'1thC

lparallicters Which Characterize Clectroplhysical prIocesses inl tile M F.R fluid,

ph~ysicoclienical p~roperties of components, etc but having regard to cited exp~erimnlets

and our estimates the mecan value ot'ý has been taken eqlual to 20

As seen fi-on 17ig.71h, onl thle Ig [inlhp- lgS* coordinates the expeiiniuintal points fall

onl one line with a sufficient accuIracy.

Thus, thle generalization of all experimental results by a unique relation Supports

thle reasonable use of thle complex S* as a determining parameter and points to thle

correctness of our ideas of the mechanisml of microprocesses in the Milk fluid under

fields, at least, onl a qualitative level In addition, such a universal relation allows thle

mechanical properties of a fluid to be predicted with reasonable simplicity inl a specific

p~rocess.
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Cryogenic Electrorheologicrel Fluids

R. N. Zitter, X. Zhang, T. J. Chien, and R. Tao
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ABSTRACT

Prelii nanry experiments on slurries of aluminium pnowders iii liquid! nitrogen
find significant clectrorhecological (ER) effect. Though the aluminum particles have
an insulate oxide surface, they still have a snmall conductivity which mnakes ani ac
field mouch more effective than a dc field in producing the ERt effect. Applicationls
of cryogeniic ERt fluids to rocket fuels are also discussed.

1. Introduction

Electrorheological (ER) effects at cryogenic temperatures call have valuable ap-
p~lications as well as offering new avenues for scientific study.

The base liquids in all of the ER fluids lisedI or stuudied ill the past'- will
freeze at temperature not too far below 300 K. In those wet ER materials where the
dielectric particles contain water, the ER effect generally disappears below 273 K.
Though the dry ER materials have the Ell effect in at wider tenllperattne range than
the wet ER materials, no experiments have ever been rep~orted about the ER effect
far below 273 K.1-3 The truly cryogenic ER filuidS 7111111l operTate at teMpera21ture-

-100 K or less aid, therefore, would utse a liquified gas (N2, 02, H12, lHe, etc.) as.,
the base fluid.

From at scientific s~tandpoint, it would be very interesting to see if the ER effect
can exist at cryogenic temperature. There are novel andl unique aslpects to investi-
gal-ioms oif cryogenic ER fluids: conipared to roomm temperature, thle conductivity of
the particles and fluids will typically he, orders of magnitud~e sumaller, the recurring
question of the effects of dissolved or adsorbed water is clixiauated by freeze-out,
and as a r-esult of the extremely low viscosity of liquid nitrogeni, liquid oxygenl,
or liquid 'ilehux, dynamic ER effects should operate on at different tinle scale. InI
addition, recently there are claimis and solni evidences that the Pceiris-Landaii ther,--
niil2 vibrations of single chatins of particles in ER fluids help the formation of thick

cou s4-' At cryogenic temperature, the thermal vibration would be mnuch weatker
thant that at room temperature. Study of cryogenic ER fluids provides cruicial tests
of the validity of thec above claims.

Ciyogenic ER fluids mnay also have very important applications. For e-xamplle,,
ami imaportaunt rocket fuel is a slurry fuel inaule of aluminuim powder iii liquid oxygen.
Althoxughl aluatinuin is a conductor, its particles naturally form an hinsulating oxidle
coatingr so that anI appliCd electric field is anot short-circuited. Whlile! the metal itself
hasu an extremely large (dielectric constant, liquidl oxygen has it very low dielectrlie
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constant, and that difference in dielectric constant should produce a strong ER
effect. Thus an applied electric field call rapidly and greatly change the effective
viscosity of the rocket slurry fuel, which, in turn, call change the flow velocity and
control the combustion speed. An agile, precise computer-controlled ER flow valve
which eliminates the problems related to mechanically moving parts and bearings is
particularly attractive for cryogenic applications. Another intriguing application is
that with the fast reversible ER phase transition in ail electric field, slurry fuels can
he stored and transported as solid fuels and combusted as liquid fuels. Since solid
fuels are convenient for transportation and storage and liquid fuels are excellent for
combustion, cryogenic ER fuels may have both advantages.

In this paper, we will report our preliminary experiments on slurries of aluminum
powders in liquid nitrogen which, for the first time, find the significant ER effect
at cryogenic temperature. Though the aluminum particles have an insulate oxide
sM'face, they still have a small conductivity which makes an ac field much inore
effective thami a dc field in producing the ER effect. Applications of cryogenic ER
fluids to rocket fuels will aLo be discussed.

II. Preliminary Experiments

Since liquid nitrogen and liquid oxygen have comparable dielectric constant,
density, and boiling point, our preliminary experiments are on cryogenic slurries,
aluminum powdern in liquid nitrogen. The results from liquid nitrogen should also
be valid for liquid oxygen. Substitution of nitiogen for oxygen enables us to avoid
problems of accidental combustion in the laboratory,

The cryogenic ER fluids were produced with aluminum powder of diameters
10 jim at a volume concentration - 20%. Some details concerning the aluminum

oxide layer are in order. As Inoue found in his experiments of aluminum powders
in oils, if the oxide skin is not thick enough, electric breakdown may occur in ER
experiments.' We have found that alunimmun powders exposed to air for long time
are good in cryogenic ER experiments. However, fresh altuninum powders just
exposed to air do not have strong insulating layers. AcL-ordingly, we followed the
recipe outlined by Inoue: soaking of aluminum particles in ail aqueous solution of
sodium carbonate, followed by drying and then heating under nitrogen to 400°C
for hours,8 Presumably, the initial reaction forms aluminum hydroxide which then
decomposes to the oxide under heating. Inoue reports skill thicknesses approaching
1 Itm depending omi the soak time, with good resistance to electrical breakdown.

In the first experiment, an electric field was applied between two electrodes
21 x 8 m1m2 separated by 3 mn. We observed the structure formation and obtained
ia senmi-quantitative estimate of the strength of the ER effect from the value of field
required to keep material between the electrodes from falling under gravity when
the electrodes were lifted from the bath. Tie slurries indeed acted as ER fluids.
The effects of dc and 60 Ilz ac fields were first compared and the ac fields were
significantly more effective.
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When the ac field of 60 Hz was below 6 kV/cm, the ER effect was weak. At
6 kV/cm, short broken chains began to form along the field direction. When the
field reached 8.3 kV/cm, complete chains were formed to cross the two electrodes,
but they were weak and easy to break. When the ac field reached 10 kV/cm or
above, chains were strong enough to be lifted from the bath and sustained the
structure under the gravity-induced deformation. As the field reached 10.7 kV/cm,
thick columns of particles were formed between the two electrodes, characterizing a
strong ER effect. When the field was reduced, column structure persisted until the
field reached 3.3 kV/cm, below which the columns finally dispersed. The reason for
the hysteresis is under investigation.

The difference between ac field and dc field was also observed by Inoue in his
study of oxide-coated aluminum particles in oil at room temperature. He also
found that a change in field from dc to 60 Hz ac produced a significantly higher
shear strength. The reason for this difference lies in the fact that the aluminum
particles have a small but non-zero conductivity a although they have an oxide
coating. Generally the dielectric constant (SI units) is given by9" 0

f(w) -= oo + ialw. (2.1)

In the dc field, w = 0, the second term in Eq.(2.1) becomes dominate even if a is very
small. The conductivity introduces constant currents which seem to be negative for
polarization and for formation of solid ER structures.

KIREOMETER

27 nun diameter

ALMP •r 4 mm gap

DEWAR.• • -

Fig.1. Experiments to determine the rheology of cryogenic ER fluids.

To suppress the negative effect of the conductivity, we need an ac field with
frequency w > a. It seems that the conductivity term in the dielectric constant
Eq.(2.1) becomes negligible at moderate frequencies 60 Hz in our cryogenic Ert
fluids.
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From Eq.(2.1), the higher the frequency w, the smaller the negative effect front
the conductance. On the other hand, sincc the ER effect is related to electric polar-
ization of particles, too high frequency w would weaken the polarization. Therefore,
there mnust be anl optimial frequency which muaximizes the ER effect, To have at qu1an-
titative study, we applied a modified Dy-luI Rheotneter to measure the viscosity of
the suspension at fields of various frequency (see Fig.1).

Presently we have two ac: high p)ower supplies in our laboratory. One has at
wide voltage range, but limits the output at 60 Hz frequency. The other covers
the. frequency up to 1000 Hz, hut the voltage is limited to produce a maximlun
field uip to -5 kV/cm. As noted early in the situation of 60 Hz, the ER effect
is not very strong when the fleld is below 10 kV/czn. However, the viscosity of
the suspenionii significalitly increases with the field. When there is no field, liquid
nitrogen hats a negligible viscosity. At a dc field around I kV/cin, the viscosity is
about 155 cp. However, a further increase of the dc field results little change of
the viscosity. As shown in Table I, the ac field presents at different picture: The
viscosity increases with the field quickly. It is clear that 100 Hz is hetter than other
available frequencies. This implies taat the optimal frequency maiy be above 1 000)
Hz. From the results at 60 Hz, we expect that the Ell effect will be m111(1 stroinger
when the field gets above 10 kV/cm.

Accuracy and reproductibility in these measurements are far from satisfactory
becaui-e the experiments were plerformned in at shallow clewar exposed to air, so that
the ER fluid was continually being contaminated by frozen p~articles; of wa~ter and
carbonl dioxide.

T'able 1. Viuscosity ol'a Cryogeniic E~R F~luidI

F'req. 3kv/cia 3.75ktv/cnn '.5kv/cm 5.25kv/cmi

10011Z 208cp 253cp '278cp 290cp

50011Z 170ci, 252cp 2 58cp 304cp

1tUO0IIz 256cp 273c 1 , 326cp 413c 1

Significant ER effects were also observed for stlspemlsiozs of boron po(wdler in
liquid nitrogen. Rurther expa, imeats 00 these muid other sytitems will be :!arriedl out
inl quantitative detail, hut the present preliminary results are encouraging. It clearly
shows that the strong ER effect exists at cryogenic temperature. New exlperinlelclts
will he niamde in a dry box now itinder construction and conducted with a newv. ac high
voltage power supply which should cover a wide range of voltages and frequencies.
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III. Rocket ER Fuels

The conversion of a cryogenic fuel to an ER fluid is accomplished by the intro-
duction of suitable particulate matter, which may or may not be removed prior to
combustion, In the latter case, of course, it is desirablh to use "energetic" parti-
vies which pairticipate in and contribute energy to the combustion process. Simple
inexpensive candidates are aluminum (for oxygen) a1d boron (for hydrogen). Alu-
miniun, because of its conductance, must have an insulating coating. The dielectric
constants of liquid oxygen, nitrogen and hydrogen aire rather small and most ma-
tcrials will provide sufficient dielectric mismatch to obtain reis, mably strong ER
effects. However, the temlperature involwvd opeas the door to an entirely new realn
of possible particles, ilamely, frozen particles of emergetic substances and fuels thaLt

irc, nornolly liquid at 300K. Such particles could be fabricated with an atoinizing
spray in a cold chamber.

"litbhe II. Propertie8 of Cryoge sie liquid4 and
Some SubSLaices of Interest for Particulate

Substaiiev. Dllesity (gil/,'-1 ) (W

liquid N2 0.81 1.45

Liquw 02 1.14 1.51

L~iqliid II:u 0.07 I'1

Al 2.70

Alal:j 31.97 10

Lill 0.82 14

LiA1II 4  0.-2 ?

lt01114 0.94 ?

NQ1t11 4  1.07 ?

The liquids of oxygen, hydrogen mid nitrogen unfortunately have a low density.
This malkes the problhnm of particulate setting acute. Suitable stirring anI nix-
ing procedures may therefore by a neccssity in most situations. Table II lists the



42

characteristics of cryogcntic fluids and some substances of interest for particles. It
may be noted that there is a fairly good density match between liquid nitrogen and
lithium hydride, making this it possibly attractive pair for scientific studies.
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CONTROLLABLE FLUIDS: THE TEMPERATURE
DEPENDENCE OF POST-YIELD PROPERTIES

KEITH D. WEISS and THEODORE G. DUCLOS
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Cary, North Carolina 2751 1, USA

ABSTRACT

"This paper represents the first detailed description of ihw affect of1 temperature (in the properties
exhibited by state-of-the-art clertrorhcological (ER) and magnetorhe•ological (MR) fluids. In
pxaticular, shear stress versus shcar strain rate curves, dynamic and static yield stress values,
zero-field viscosity data, and current density measurements a-e discussed. Specific comment%
concerning die stability of both mechanical and electrical properties over broad temperature
ranges are provided. Finally, insight into the advantages associated with using
electorheological and magnetorheological fluids in a controllable device is provided.

1. Introduction

An engineer must be familiar with the properties exhibited by a controllable fluid, in
order to evaluate that particular fluid for use in a specific device design. These properties
include dynamic yield stress (Ty.d), stuic yield stress (gy..), plastic viscosity ('op). and
current density (J). The dynamic yield stress and the plastic viscosity exhibited by a
controllable fluid are known from basic design equations to al1'ect both the size and shape
of a device.' 7 Current density, on the other hand, impacts the power consumed by an
electrorheological fluid device. The relationship between the properties exhibitcd by a
controllable fluid and the performance expected for a simple sliding plate device utilizing
this fluid is highlighted in the basic design equations shown in Eluations 11-31.

Ill

2 ]121

PER = VJE (31

Equation Ill provides an indication of the overall size of the device by defining the
minimum volume (V) of fluid needed in the gap of the device in order to exhibit the desired
mechanical performance. Variables related to the mechanical perfomiance of the device are
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present in the form of mechanical power (PM) and a specified control ratio (TCF/Tf).
Within this control ratio TC" and Tn represent the torque generated in the device due to the
applied field induced yield strength and the viscous diag of the controllable fluid,
respectively. Equation [2] provides an indication of the shape of the device by defining the
minimum gap (g) to plate radius (R) ratio of the device in terms of the specified control
ratio and rotational speed (f). For an electrorheological fluid device the volume of fluid in
the gap of the device can be multiplied by the measured current density (J) of the fluid and
the magnitude of the applied electric field (E) as shown in Equation 131 to provide an
estimate of electrical power (PER) required for the operation of the device. The power
required to operate a magnetorheological fluid device does not rely on the properties
exhibited by the fluid. Rather in this case, the power consumption of the device is
predominately dependent upon the amount of current applied to a wire coil needed to
generate the magnetic field.

The key properties exhibited by a controllable fluid that influence the shape and size
of a device are shown in Equations I 1&21 to be r1lp/-yA and .ip/ry.42, respectively. In order to
make a device smaller or more compact the minimization of these two viscosity to dynamic
yield stress ratios is desirable. This can be accomplished by either decreasing the viscosity
or increasing the dynamic yield stress exhibited by the controllable fluid. A controilable
fluid must exhibit a minimum dynamic yield stress and maximum plastic viscosity level of
3.0 kPa and 700 mPa-sec, respectively, in order to be utilized in a variety of devices and
applications.

3

Many scientists have addressed decreasing the viscosity and current density, as well
as increasing the yield stress exhibited by controllable fluids. Typically, the data reported
in the literature is related to the performance of controllable fluids at an ambient
temperature, i.e., 25'C. However, in most "real world" applications a controllable fluid
must be capable of either operating over a broad temperature range - surviving exposure to
extreme variations in temperature. For instance, the normal temperatures encountered for
devices used in automotive applications range from -40TC to 150TC. Any variation in the
properties exhibited by a controllable fluid with respect to a change in temperature will
inherently impact both the mechanical and electrical performance of a device.

Unfortunately very little research describing the temperature dependence of
mechanical and electrical properties exhibited by controllable fluids has been reported. A
few articles exist that evaluate ER fluids containing alumino-silicate particles at high
temperatures (>1001C). 4.5 Although these materials operate in a substantially "anhydrous"
manner at high temperatures, the ability of these fluids to operate at low temperatures
(<00C) has not been substantiated. This paper provides the first in-depth comparison
between the performance of state-of-the-art electrorheological (ER) and magnetorheological
(MR) fluids with respect to temperature. In particular, the dynamic yield stress, viscosity
and current density for different controllable fluids have been measured over their
recommended temperature ranges. The following discussion will provide an engineer with
the information and data necessary to determine the feasibility of using a controllable fluid
device in a variety of "real world" applications.

2. Definitions and Experimental Design

The lack of any uniform test methodology in the published literature makes a
comparison of the properties exhibited by different controllable fluid formulations a
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difficult task. In addition, the differences that exist between research laboratories in
defining the controllable fluid response adds a tremendous amount of confusion to
comparing the properties exhibited by different controllable fluids. The adoption of
standard definitions and test methodology by the scientific community is necessary to aid
engineers in the design of controllable fluid devices. Several recent publications provide a
thorough discussion of the observed behavior and properties exhibited by controllable
fluids that can be used as a basis for developing an uniform understanding of this
technology.

3.6

2.1 Description of Electrorheological and Magnetowheological Phenomcnon

The observation of a large rheological effect induced by the application of an electric
field was first reported by W. Winslow in 1947,7 His initial publication describes the
electrically induced fibrillation of small dielectric particles suspended in low viscosity oils.
The formation of partic'le chains between electrodes alters the rheological properties
e;,hnbited by an electrorheologcal (ER) fluid. Thus the electrorheological phenomenon
observed for these fluids corresponds to the work that is required in breaking and
reforming these 3-dimensional chains. The magnitude of this required work is more
commonly expressed as the force necessary to initiate flow within the fluid. In other
words, the force necessary to overcome the yield stress exhibited by the electrorheological
fluid.

Magnetorheological (MR) fluids are the true magnetic analogs of ER fluids. These
fluids exhibit particle chaining upon the application of a magnetic field. The preparation of
the first MR fluids must be credited to both W. Winslow and J. Rabinow. 6 .8
Magiietorheological fluids should not be confused with ferrofluids or magnetic liquids.
Due to the effect of Brownian motion on the colloids present in ferrofluids, these magnetic
liquids do not exhibit the ability to form particle chains.

2.2 Definition of Properties Exhibited by Controllable Fluids

A Bingham plastic model as described by Equation [4] typically provides an accurate
description of the rheological properties exhibited by both electrorheological3 .6 and
magnetorheoiogical 6 fluids. In fact, the previously described device design equations". 2

assume that the controllable fluid exhibits Bingham plastic behavior. According to this
model, the total shear stress (Ty) is equal to the sum of a field induced yield stress (¶ry(field))
and a viscous component dependent upon the plastic viscosity (mip) of the fluid and the
shear strain rate (1). The property of a controllable fluid that is observed to change upon an
increase in applied field is not the viscosity of the fluid, but rather the yield stress defining
the flow regime.

ty = ty(field) + 1IpV [4]

Two different yield stress values, the dynamic yield stress (-ty) and the static yield
stress (ty4), have been commonly reported in the literature. The dynamic yield stress of a
controllable fluid is typically defined as the zero-rate intercept of a linear rgression, curve
fit to measured flow data, while the static yield stress corresponds to the stress necessary to
initiate flow irregardless of whether or not the fluid behaves as a Bingham plastic. The

4a~t-$.
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plastic viscosity of a controllable fluid co-.esponds to the slope of the linear regression
curve fit used in analyzing the flow data.

In order to simplify the design of a device and guarantee consistent device
performance, the dynamic and static yield stress values measured for a controllable fluid
must be similar in magnitude. Unfortunately, many controllable fluids due to improper
formulation exhibit static yield stress values that are significantly greater than the
corresponding dynamic yield stress values. This phenomenon, which is known as stiction,
is a structural anomaly dependent upon the size and shape of the particles, as well as on the
prior applied field and flow history of the controllable fluid. Properly formulated
controllable fluids, such as Lord Corporation's VersaFloTM Fluids, eliminate the potential
of any stiction by ensuring that the static yield stress exhibited by the fluid is less than or
equal to the corresponding dynamic yield stress value.

A major difference between electrorheological and magnetorheological technology is
the method used to generate the corresponding field. Generation of the magnetic field used
to control MR fluids is accomplished with low voltage, high current techniques, such as
applying an electrical current to a coil of wire. 6 As previously mentioned the power
consumed by a MR fluid device directly correlates with the electrical current needed to
generate the magnetic field. In this case, the properties exhibited by a contrellable fluid
have no effect on the power consumption of the device. On the other hand, the generation
of an electric field used to control ER fluids is accomplished with low current, high voltage
power supplies. Since an ER fluid acts as a leaky capacitor, the measurement of an electric
current through the fluid is possible. In this case, the charge flow through the ER fluid,
which is typically represented by an averag• current density (J), directly affects the power
consumption of the device.

A distinction between ER fluids activated with D.C. and A.C. electric fields must be
made at this time. The conductivity measured for an ER fluid controlled with a D.C.
electric field represents energy that must be removed from the system as heat. On the other
hand, the conductivity measured for an ER fluid controlled with an A.C. electric field does
not necessarily represent the energy that must be dissipated. In this system, the measured
current is predominately a displacement current whose magnitude depends on the
capacitance of the device.

2.3 Experimental Conditions

The rheological data for all ER fluids were obtained using a concentric cylinder test
geometry (1 mm gap) in conjunction with a shear stress controlled rheometer. The electric
field was generated by applying voltage to the inner cylinder. The rheological data
measured for all MR fluids were obtained using parallel plate rheornetry (1mm gap) in
conjunction with a shear rate controlled rheometer. The magnetic field was applied to the
cell perpendicular to the parallel plates. Both systems utilized a temperature chamber to
insure that the cell and the surrounding environment was within ±2'C of the desired
temperature. The dynamic ci'rrent density for ER fluids was measured during the course of
obtaining the flow data. The dielectric spectra obtained for all ER fluids used a test method
previously described in the literature. 9

The MR fluid damper described in this paper utilized a 46 mm outer cylinder. A
current of I amp was supplied to a wire coil in the device in order to generate the required
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magnetic field. The damper was operated with a stroke of ±20mm and a stroke rate of 1
Hz. The damper was completely enclosed in a temperature chamber, which was
maintained at ±2*C of the desired operating temperature. The force output of the damper
reported in this paper represents the data obtained on the initial stroke of the damper after
temperature equilibrium was established.

3. Controllable Fluid Performance at 25*C

The controllable fluids utilized in all evaluations are obtainable from Lord Corporation
under the trade name VersaFloTM Controllable Fluids. VersaFloTM ER-100, ER-200 and
ER-201 Fluids are electrorheological fluids, while VersaFloTm MR-100 Fluid is a
magnetorheological fluid. Measurement of the properties exhibited by these controllable
fluids at an ambient temperature represents a basis to which properties obtained at various
temperatures can be compared.

3.1 VersaFlo"uER-1OO Fluid

VersaFloTM ER-I (Y) Fluid is an optimized version oi a conventional electrorheological
fluid that has been previously represented in published literature as ERX02 and/or ER-Il.
This ER fluid, which is controlled through the use of a D.C. electric field, typically exhibits
a current density that is less than 20 pA/cn12 at ;t field of 4.0 kV/mm. The dynamic yield
stress and viscosity measured for this ER fluid is approximately 1.0 kPa at 4.0 kV/mm
with a zero-field viscosity between 200-300 mPa-sec as shown in Figure I. VersaFloTM
ER-100 Fluid represents a controllable fluid exhibiting design ratios, qT,/ry,d and lip/,tyd, Onl
the order of 10-4 sec and 10-7 sec/Pa, respectively.

Measured Data@ 25C

1.20 " Aingharn Plastic Model.--.- r •4.0 kV/mm

90.

2.0 kV/ni
1- 0.40 "

1.0 V/nim

0.0 ky/nnn
c 0.20

S200 - 300 mtia-see

0 200 400 W'O 800 1000

Shear Strain Rate, "' (see-1)

Figure t. Shear Stress Versus Shear Strain Rate Data Obtained For VersaFlo T1'
ER-100 Fluid at Various Electric Field Strengths.



3.2 VersaFlormER-2O and ER-201 Fluids

VersaFlo~m ER-200 and ER-201 Fluids are examples of electrorheological fluids that
exhibit both high strength and an extended temperature range of operation due to the
utilization of a unique non-ionic polarization mechanism by the particle component. Due to
thc anhydr-ous nature of these fluids the application of a'I A.C. electric field is necessary to
prevent particle electrophoresis. Optimum performance of these ER fluids is obtained
using a bipolar square wave with a frequeucy greater than or equal to 500 Hiz.

The dynamic yield stress at 3.0 kV/mm and zero-field viscosity exhibited by
VersaFlol' ER-200 Fluid are approximately 1.8 kPa and 200-300 mPa-sec, respectively,
as shown in Figure It. The switching current density for this ER fluid at 3.0 kV/mm is
approximately 14WX piA/cm 2. The design ratios, vr,,Ay4 and Tm1ýcydA for VersaFlo~m ER-
200 Fluid are similar to those previously described for Versa~ioTm ER-100 Fluid.

4.00- - Mcasured Data ra25,c I A.C. 1000Ila

IBinghiam Plastic Model 4.0 kWnim

2.50--, t4t- 4 ~ Ak/n

2J) p l ý ~7.7 x 104- sec/P&

'U

li f=200 -300mipa-5Cc

0.0 kV/min

0I 200 400 600 W00 10W0

Shear Strain Rate, (see-1)

Figure I. Shear Stress Versus Shear Strain R-ate Dt~azabuiined For Vor.4-1lum
tiR-200 Fluid at Various Electric Field Strengths.

The dynamic yield stress at 3.0) kV/mm and zero-field viscosity exhibited lby
Versal~lo~m ER-201 Fluid are approximately 3.2 kPa and 400-700 nila-sc, respectively.
as shown in Figure 111. The switching current density for this ER fluid at 3.0 kV/mmn is
approximately 1700) jA/ctn2 . Although the yield stress and viscosity exhibited by
VersaFlo1'm ER-201 are greater than those reported for Versa~doTM ER-2(X) Fluid, this ER
fluid is designed to have similar design ratios, ijp/xy.4 and Ti/Ey,2 The high yield stress
value exhibited by VersaFI6-m BER-201 Fluid lends itself for utilizatik-. in applications
where the ultimate force output of a device is the critical factor. For applications, that are
inure concerned with very low force output lIn tile abusence of any electric field (off-state)
the utilization of Versa~l oy' ER-200 Fluid is recommended.
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5.o - Measured Data @ 250C
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Figure III. Shear Stress Versus Shear Strain Rate Data Obtained For VersanlorM
ER-201 Fluid at Various Electric Field Strengths.

3.3 VersuFlo"M MR-I00 Fluid

VersaFloiM MR-100 Fluid typically exhibits a zero-field viscosity (2(X)-300 mPa-sec)
comparable to most electrorheological fluids and a dynamic yield stress value (>80 kPa at
3300 Oersted) that is more than an order of magnitude greater than the best
elcctrorheological fluids. The flow data obtained for VersaFloTm MR- 100 Fluid is shown
in Figure IV. 'The high yield strength associated with this MR fluid provides for a several
order of magnitude increase in the design ratios, rTp/ty.d (_10.6 sec) and rp/Ty.dZ (-10-tl
sec/PN), as compared to those exhibited by EIR fluids. This result tends to lead one to
believe that a MR fluid device could be made smaller than an ER fluid device. However,
this result does not take into consideration that 'he genetsation of a magnetic field through
the use of a coil of wire requires a certain amount of steel in the device to complete the
magnetic circuit and drop the field across the MR fluid filled gap. The size or amount of
this additional steel must be taken into account when designing a MR fluid device. 6

Magnetorheological fluid devices are in reality approximately the same size as ER fluid
devices that utilize a high yield strength ER fluid, such as Versailo 1 m ER-200 Fluid.

4. Affect of Temperature on Controllable Fluids' Properties

Many of the properties exhibited by a controllable fluid arc in some way affected by a
change in operating temperature. For instance, the viscosity exhibited by the Garriec oil
present in the controllable fluid decreases as the temperature is elevated. Lower carrier oil
viscosity ultimately correlates with a decrease in the viscous component of the shear stress
measured for a Bingham plastic fluid.
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Bingham Plastic Model
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Figure IV. Shear Stress Versus Shear Strain Rate Data Obtained For VersaFlotm

MR-t00 Fluid at Various Magnetic Field Strengths.

The dynamic yield strength exhibited by controllable fluids also is expected to
decrease as the operating temperature is elevated. Primarily, the expansion of the carrier oil
in the controllable fluid alters the volume that this oil occupies. The particle volume
fraction ()), which is known from quantitative modeling of ER fluids to be directly
proportional to yield stresst 0

t.H, decreases as the operating temperature of the controllable
flaid is increased. Considering the typical values for the thermal expansion coefficient of
conventional oils (i.e., silicone and mineral oils), a change in yield stress of about 10%
over the temperature range of -40 to 150*C is expected to result from the thermal
expansion/contraction of the carrier oil.

In addition to thermal expansion/contraction considerations, the yield stress exhibited
by an electrorheoiogical fluid is influenced by the ability of the particles to polarize.
Particle polarization only occurs when there is a difference in the permittivity of the particle
(C2) and carrier oil (cl) present in an electrorheological fluid. In most quantitative models
the polarizability of the particle component is described through the use of a complex
dipolar coefficient, 13, as sho,-" in Equation 15].10,1 This complex dipolar coefficient
inherently contains contributions from the conductivity and relative permittivity (dielectric
constant) associated with both the carrier oil and particles in an ER fluid, Any variation in
these parameters will influence the polarizability of the particle coniponent and altcr the
magnitude of the observed ER effect.
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The conductivity of a controllable fluid is expected to increase as the operating
temperature is elevated due to the ability of ions to more freely migrate. In addition to the
potential changes that may occur in the complex dipolar coefficient as previously described,
an increase in the current density exhibited by an ER fluid at elevated temtperatures will
result in excessive power consumption and heat generated by the device.

4.1 VersaFlo"h ER-1OO Fluid

Since VersaFlo"m ER-100 Fluid employs an ionic mechanism for particle
polarization, the operating temperature range for this fluid is limited (10 to 90 0C). A
decrease in the plastic viscosity and dynamic yield stress (@ 3,0 kV/mm) of 73% and 53%,
respectively, is observed for this ER fluid over the operating temperature range as shown in
Figure V. The measured decrease in the dynamic yield stru-es exhibited by this ER fluid is
considerably greater than that anticipated to occur as a result of the thermal
expansion/contraction associated with the carrier oil. Thus the sensitivity of the complex
dipolar coefficient to variation in operating temperature impacts the dynamic yield stress
exhibited by this ER fluid. In particular, a change in the conductivity exhibited by the
particle component in this ER fluid affects the ability of these parLicles to polarize at
elevated temperatures.

11P 400 '

"-• 1.2 "1) 0'102C .2x t10"-4s 3.5 x 0.m•0'7 , .a 300

"901C 1.8lx 104 sttc 4.3A 10"/7 roii/a

0.9 " -

3.0 kV/in. 200

0.3...............
• mm •. A'llp=73%

*0.0 kV/mt in =---- Ai=30 h- '1--....-+--1'---±-'.--t-t-+-t-tt .t- 0 o

0 20 40 60 80 100

Temperature ('C)

Figure V. Dynamic Yield Stress (Solid Lines) and Plastic Vis•enity (Dotted Line)
For VersaFloim ER-100 Fluid Plonted as a Function of Tcnlxprature.
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Interestingly, tne overall affect of temperature oa the design ratios of viscosity to
yield stress, •p/Ty,4 and ip/-rd 2, is negligible. These two ratios remain approximately
constant over the entire temperature range due to the changes observed in both the plastic
viscosity and dynamic yield stress exhibited by the ER fluid. Although these design ratios
are not altered by a variation in temperature, the changes observed in yield stress and
viscosity exhibited by this ER fluid with respect to temperature will impact the performance
of a device. A discussion concerning the affect of temperature on device performance is
presented in Section 5.

A major concern in designing a device to use an ER fluid whose particles polarize
through an ionic mediated mechanism relates to both the magnitude and stability of the
power consumed by the device. A large increase in the current density measured for
VersaFloN ER- 100 Fluid is observed upon elevating the operating temperature as shown
in Figure VI. For instance, at a D.C. electric field of 4.0 kV/mm the current density
exhibited by this ER fluid increases from 10-15 pA/cm2 at 2S0 C to -200 gA/cm2 at 90'C.
"Thus the power consumed by a device containing an ER fluid that utilizes an ionic mediated
polarization mechanism will dramatically increase with an elevation in operating
temperature.

4.0 kV/mm

=L -•=1000 seM"1
S200

._'3 3.0 kV/imm

. 100 2.0 kV/mm

- 1S-1.0 kMmim

S 0
S0 20 40 60 80 100 120

Temperature (°C)

Figure VI. Cunent Density For VcrsaFlor" FR-100 Fluid Plotted as a
Function of Tempeniture For Various Electric Field Strengths.

The temperature of a device containing this ER fluid must be maintained within a
specified operating temperature range (10 - 90'C) in order to insure adequate operation.
Irreversible degradation in the performance of this ER fluid occurs when the fluid is
operated outside of this range. At high temperatures (>1000 C) a decrease in the ER effect
occurs, while at low temperatures (<00 C) particle electrophoresis to one of the electrodes is
observed. Although improvements in the performance of this ER fluid at high temperatures

lf4
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is possible, dramatic increases in current density will still oxcur. An increase in current
density at high temperatures and irreversible particle electrophoresis at low temperatures are
two problematic areas that must be addressed for any device incorporating an ER fluid that
utilizes an ionic polarization mechanism.

4.2 VersaFlo77" ER-2001201 Fluid

Due to the non-ionic nature of the polarization mechanism utilized in VersaFlorm iR-
200/201 Fluids, the operating temperature may range from -25'C to 1250 C. As shown in
Figure VII, a 70% decrease in the dynamic yield stress and a 95% decrease in plastic
viscosity is observed for VersaFlowm ER-200 Fluid over this operating temperature range.
Similar behavior is observed for VersaFlorm ER-201 Fluid. The overall affect of
temperature on the design ratios, Trlp/y.d and qp/•.d2, is negligible due to the changes
observed in both the plastic viscosity and dynamic yield stress of the ER fluid. Although
these two ratios are not significantly changed by a variation in temperature, the affect of
temperature on the yield stress and viscosity for this ER fluid will impact the performance
of a device (see Section 5).

250. I a .. 1500
2.50 lip00

3.0 kV/mm T. . ar7 -- s
2.00 25C 4.2x10 .6•x 1012

5. *IWC 7 AxIO-..w .2 x lOg wIp

Tem1.50 %r900°

1.00 o

0.0
-25 0 25 50 75 100 125

Temperature ('C)

Figure VII. Dynamic Yield Stress (Solid Lines) and Plastic Viscosity (Dotted Line) For
VersaFloTm ER-200 Fluid Plotted as a Function of Temperature.

The large observed change in yield stress with respect to temperature for VersaFlIoiM
ER-200 and ER-201 Fluids provides evidence that variation in the complex dipolar
coefficient occurs. The expansion/contraction of the carrier oil in these ER fluids cannot
explain the 70% change in dynamic yield stress that is observed over the operating
temperature range. Since these ER fluids utilize a nozi-ionic mcchanism for particle
polarization, the variation that occurs in the complex dipolar coefficient is related to
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temperature induced changes in the relative permittivities associated with the particle and oil
components that make up the fluid.

The current density measured for VersaFlo"l ER-200 Fluid is rclatively constant over
the operating temperature range as shown in Figure VIII. Similar behavior is observed for
VersaFlo• ER-210 Fluid with respect to operating temperature. Since an A.C. electric
field (bipolar square wave) is used to control this ER fluid, the measured current density
does not represent energy that must be dissipated from the system. This current density,
which depends on the capacitance of the device, actually represents the magnitude of a
displacement current that must be switched between electrodes. The dielectric spectra for
VersaFlorN ER-200 Fluid shown in the insert in Figure VIII plots the storage and loss
factor. measured at 10WX Hz as a function of temperature. The real (storage factor) and
imaginary (loss factor) components of the complex pemaittivity associated with the fluid are
observed to increase upon elevating the temperature of the system. However, the loss
tangent, which is the ratio between the loss and storage factors, is observed to be relatively
constant and significantly less than one over the entire temperature range. This data
nrovides credibility to the previous conclusion that variation in the re-lative permittivity of
the c:,rrier oil and particle component in the HR fluid affects the magnitude of the complex
dipolar coefficient and ultimately the yield stress exhibited by the ER fluid.

40 "
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ItXXl)}se 'lI
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Figure VIll. Currenlt Density Measured For Vers',dnloM ER-200) Fluid Plotted u.s a Functionl of
Tlenperature. lDielvo ~it Daw• Obtained l:ur ERk Iluid at IOc) I It is Provided in lnssct,.

As important as the variation ill the properties exhibited by an ER fluid over itsoperating temperature range, is the ability oC the ER fluid to survive exposure to and

operation at temperatures outside the recommended range. Versatl'61m ER-2(X)/201 Fluids

---- --- ----- -- -- -- - -- ------------------ -----------
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exhibit this quality. These fluids can be operated at temperatures below -25TC or above
125'C for extended periods of time, Upon returning these ER fluids to within their
recommended temperature range, the properties exhibited by these ER fluids are unchanged
from those previously descrihed.

4.3 VersaFlo'&MMR-100 Fhuid

A 10% decrease in the dynamic yield stress for VersaFlo'M MR-100 Fluid i5
observed over the temperature range of -40 to 1501C as shown in Figure IX. The
polarivaition mechanism utilized in a magnwtorheological fluid is not affected by variatior. in
the relative pentnittivity or conductivity of the carrier oil and particle component as is the
case in ER fluids, Thus the variation in dynamic yield stress observed for a MR fluid is
due entirely to a change in particle volume fraction caused by the expanision at elevated
temperaturms and contraction at low temperatures of the cai'ier oil.

S100 30(X Oersted . 1200
ATYti1) 10%

800

S-40"C" 11.2 x 10" 1.2 x 10" ,t4 wI, o, 0
7! 15) 0 C 18.2 x 1"-77w 9 9.6x10",e()1 2

. 40

20 Al 95% 200

,. Oersted ................

-500 50 100 150

Temperature (°C)

Figure X. Dynamic Yield Stiess (Solid Lines) and Plastic Viscosity (Dotted Line) Ftor
V'er.salurM MR-100 Fluid l'luttLe las a lunction ofiemupCratuli.

The plastic viscosity of VersaFlo&M MR-100 Fluid decreases by 95% over lhe
temperature range of -40 to 150IC. The overall affect of this large decrease in viscosity and
limited change in dynamic yield stress is a scvcral order of magnitude decrease in the
design ratios, TI/.m and h,/Ty.d 2, as the temperature is increased. Since minimization of

• -- ~...
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these two ratios is desired, the observed decrease in these ratios represents an improvement

over electrorheological fluid technology.

5. Affect of Temperature on Device Performance

In order to insure that the size and shape of a device is appropriate for use over a
specified temperature range, an engineer usually must design the device to accommodate
the dynamic yield stress exhibited by the controllable fluid at the highest operating
temperature (rThigh) and the plastic viscosity exhibited by the conzollable fluid at the lowest
operating temperature (TI,,w). Although this situation will not occur during the normal use
of a device, utilization of the plastic viscosity at Ttow and the dynamic yield stress at Thigh
in the design ratios, TIpjlowl /ty,li•htsI and 1lptio-i I-Cy,d2

1hihl, provides a first approximation in
determining the feasibility of using a particular controllable fluid in a specific application.

The affect of temperature on the mechanical performance of a controllable fluid device
is manifested in the Bingham plastic behavior exhibited by the controllable fluid.
According to tile Bingham plastic model (see Equation 151), the shear stress observed for a
controllable fluid is equal to the sum of the dynamic yield stress and the viscous component
of die fluid. As shown in Equation 161, the temperature dependence of the Bingham plastic
iiodel call be written to define the fractional change in shear stress as the sum of the
fractional change in yield stress and viscous component. The total change in shear stress
measured for a controllable fluid inherently will be proportional to the fractional change inl
force output exhibited by a device.

y + _r + y
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5. / Elecirorheological Fluicdv

In Figure X, the shear stress measured at a shear rate of 5(X) sec 1 for VersaFloTM
F-R-1() and ER-200 Fluids is portrayed as a fUttk lion of operating temperature. For
Purposes of comparison, examination of the change in shear stress for each of these fluids
was done over the temperature range of 10'C to (X)°C. Approximately a 55-561y, decrease
in shear stress over this temperature range is observed for both of these fluids. This means
that a device incorporating these controllable fluids must accommodate a 55% decrease in
force output whon operated over the range of 10'C to 90'C at a shear uate of 5(X) .se- .

Incorlporating the plastic viscosity measured at I0 (C and the d,,,iamic yield stress
measured at 90'C for the VersalplorM ER-1(IC and ER-200 Fluids into Equation 161
provides a check on the validity of the Binghani plastic model in predicting the behavior
exhibited by controllable fluids. Over this temperature range a decrease in the fractional
yield stress of 44% and 45% is calculated for VcrsaFloTM ER-100 and ER-2tX) Fluids,
respectively. In addition, a decrease in die viscous conuponent for VersaFloTM ER-100 and
ER-200 Fluids of 10% and 7%, respectively, is calculated using a shear rate ol 5(X) sec- 1.
Thus the total expected change in shear stress of 52-54% as calculatco From Equation I6I is
in good agjreemtent with the actual measured values of 55-56%.

•l•-m i ln l i~i •lll I •'1 l i l i1 1 •t-I ! '~d i b I •': 5 I lJ : l rll | I lnl h•=---• ::,,al-,
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Figure X. Shear Stress Measured at 500 sec"1 For VersalIto"4 UR-HIt) ISolid L.incnl atnAt
ER-200 [Dotted Lines] Fluids Plotted as a Functioti of ThmpceratLuw.

In order to provide stability to the force output of a device over a specified
temperature range, variation in the viscous component of the shear stres-, exhibited by a
controllable fluid must be limited. In the previous comparison, the chatige in the viscous
component of the shea' stress was relatively small (7-10%). However. these calculations
assumed that the shear rate of the device was 500 sec- 1. If a devicc were designeid to
operate at a higher shear rate (i.e., 5000 see-'), the variation in the viscous component with
respect to temperature would have '4 more pronounced affect on the total force outpul ot the
device. In this particular example, ae change in the viscous component of the shear stre,:s
would be between 70 to 100% over the temperature range of 10 - 90"C. This itiwrrascd
variation in the viscous component of the shear stress cehibitcwd by the ER fluid wtuld
cause the overall force output of the device to decrease by as much as 115-144% ,v r mis
temperature range.

5.2 Magnetorheological Fluidv

In Figure Xi, the force output of a controllable fluid damper operated at a shear raw
of 5000 sec1 using VersaFlorm MR-100 Fluid is plotted as a function of temperature, Tht
total force output of this MR fluid damper was measured to decrease by 18% in going front

S...... . .................................



*40"( to I150 0C. For comparison, the change in dynamic yield stress and viscous
(10n11poncnt exhibited by the controllable fluid was calculated using Equation f 61 to be 10%
atid 0%, respecdvcly. The calculated change in force output for the device of' 16% by
iiiwoporatiitg the properties exhihited by VersaFlorM NIR-100~ Fluid into Equation 161 is
vcry similar to the actual mecasured change of 18%. The constant force output of a MR
1lithid dcv ice over a broad temperature rtngt. nTh s this inagnetorheological fluid technology
attract ive~
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6. Conclusion

Extreme variation in current density, viscosity and dynamic yield stress has becnl
reported for electrorheological fluids that utilize an ionic mediated polarization mnechanism.,
Irreversible particle clectrophoresis to one electrode is observed to occur for thicsc: fluids
whetn operated below 00C. At elevatedi temperatures, large increases in the ohserved
current density of these ER fluids correlates with a dramriatic increase inl device power
consumption. The variation in dynamic yield stress values with respect to a change in
temperature is suggested to be predominately due to a change in the conductivity associated
with the particle and oil components of the ER fluid. [his change in conductivity affects
the ability of the particles to polarize as decsribed by the complex dipolar coefficient
reported in qtuantitative modlels for the FR effect.

Increasing the operating temperature range of an electrorhecological fluid is possihlc
by using particles that undergo a non-ionic mediated polarization mechanism. However,
these state-of-the-art ER fluids still experience a changv in both vim-. sily :11d dlynamic yield
stress upon variation in the operating temperature. The variation in dynamic yieki stress is
suggested to be predomninately due to a chatige in the relative pertmittivity iissociated with
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the particle and oil components of the ER fluid This change in relative permittivity also
affects the abiiity of the particles to polarize as described by the complex dipolar coefficient.

Although magnetorheological fluids exhibit variations in viscosity similar to ER
fluids, these magnetically activated fluids exhibit only limited change in the dynamic yield
stress value over an extremely broad temperature range. This small amount of change in
dynamic yield stress is due entirely to the change in particle volume fraction that occurs
over the temperature range. The encountered variation in particle volume fraction is caused
by the expansion/contraction of the carrier oil component over this temperature range.

The fractional change in the force output of a controllable fluid device over a specified
temperature range has been found to be predictable using an extension of the Bingham
plastic model. Actual measured data for electrorheological and magnetorheological fluids
were found to be in good agreement with the calculated values obtained from this model.

Controllable fluids currently exist that exhibit dynamic yield stress values in excess of
3 kPa and plastic viscosities less than 700 mPa-sec. The properties exhibited by these ER
and MR fluids make the use of controllable fluid devices in a variety of applications
feasible. In general, these controllable fluids exhibit no mechanical stiction and low current
density. VersaFlo• ER-100 Fluid is an example of a standard ER fluid exhibiting stable
performance over a limited temperature range (10 - 90'C). VersaFlo' ER-200/201 Fluids
represent state-of-the-art ER fluids offering high yield stress values and stability over a
broader tempzrature range (-25 to 125°C). VersaFlo'• MR-100 fluid is an example of a
magnetorheological fluid offering extremely high yield stress values and stability over a
very broad temperature range (-40 to 150'C).
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A BSTRA CT

The ajini of this investigation was to establish the relative role of high dielectric
constant particulates ont the yield stress itt silicone oil -based clectrorbeological fluids.
tilcctrorlicological behavior was observed in fluids containing high dielectric lparticulateb
utnder alterntating artd direct electric fields. At low frequencies (5-5t0 li) optiunuili field
conditions were establishedl, which indicate an advantage in (the use ofihigh dielectric
conistant particles for cleciroi-licol,ýgiual fluidS. Other factors, in addition to the intrinsic
bulk dielectric proper~tieS, Which iiliuciicc thie electrorlieologieal properties include particle
mnorph[ology and surface crystalliniity.

Introduction

Eleetrorhe.ological fluids (ER~s) have potential for electrically controllable shock
absorbers, clutches, and engine mounts itt autontutive appl icat ions.'12 .3 However, there
exist a number of limitations in present electror-heological fluids including insufficient yield
stress, poor temperature stability, and high power consumption. 4 Davis' (19925) recent
miodel for ERF performance suggests that high dielectric constant particulates could
enhance the yield -stress and yield moduli iii ERFs.

The objective of this work was to explore the use of' high dielectric constant
particulates, based on well-known liertoelectric and i-elated dielectric particulates, for ERKs.
In the course of this study, other particulate properties relevant to thie ERF performance
were disocovered to be important; these include morphology and surIface crystallinity.

Experimental Procedure

Powders fr-om a range of sources were ehtained to test the relative role ofl ritaerial
dielectric constant ont the yield stress of an ER[. Table I outlines a variety of materitils
investigated, the associated bulk properties and sources. Powders with a Median particle
size of'- 0.5 to 1 .0 Itin permitted physical consistency between ER~s and also allowed
susp~ensiotns to be stable beyond the time of experimuentation. The silicone, oil carrier fluid
hapd a kinemnatco viscosity of 50 centistokes. The powders were characterized using an
tilectroscan ESO-3 scanning electron microscope and BET gas adsorption using a
Quantachromne MS- 12.



T1able 1. Properties of Selected Dielectric Powders
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tenipe ratuarc and within at I'm w Ii(70s of in ix i g to pi-evenit any C ftCCIt or' sus penio ln
instability.

Obser-vations 711t lie electriically inlduced tibri il structues due to7 pai-tic Ic al ignm ient
werec j)erform-llcd inl thltermoset-based suspenisions using silicone ctastoneir (Sylgar-d- 184
Dow Corning) Alignment was induced under- electr-ic fields in the unpolyiueried state and
cr-oss-liniked at 60,C for1 appr-oxiimately 40 minutes. Sections 117710 the polymeiczed silicone
clastoiner- weice studied using SEM to investigate fibr-il struLctures,
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Results and Discussion

Using dielectric particles of similar size arid volume fraction, varions ERFIs were
minixed suchI that the intrin~ic dielectric constant of thc materi als wa.; the maj or (0 fe rence
between thc var'ious SUSPCnISioUS examined. The L:R~s all demonstrated typical B~ingham
behavior, especially under the alternating fields, ats seen in Figures I a,b).
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theguaraidenee 1f tXir~)eS)'h B illRM1 F resid ne sa tnse I 0 ol the 14'suitild (A) DangOb cold

evaluated. The yield stress-field square dependenes or various ERF's arc given in Figure
2(a-g).

50- 30-
a S10 2  b

40- AG (Max Hz)

~ 20 AC (May lz)
!~30-

20

*~10,

5- 10- 5- AC (300I1-1z)
AC ('';)A -lz) Z

0 0'
0 1 2 3 .t 0 1 2 3 4

E2 (Ky/mtlm2 (r.[Tn.S) EF (Kv/mIfl) 2 (fin S)



63

100 400'

~~AC (M30. 1z lz30

75"FI~xl 

AC (Mx 'lz)

25- a, i - , - -

AC (300 1z)

0 0.25 0.5 0.75 1,00 0 0.2 0.4 0.6 0.8

E"
2 (Kv/mrn)

2 (r.m.s) E2 (Kv/mm)
2 (rins)

200

e SrlTIOt 200, f BuTiOk70. AG•' (301 z AG (Max liz)
AC K 130011 

AC (Max lt• 'a

50. U
a N 100, AC (300 Ixz)

"P 30,,"o U AC (M.x 11) 5-)

10 0.2" 0.4 0.6'0.80.0 0.2 0.4 0.6 0.0 1.00 0.2 0.4 0.6 0.8C2( vm 2 .1ISE•2 (Kv/rr'lnl)2 (rinG~)

E'2 (Kv/mrm) 2 (r.m.s)

50- PMNo. 9 --i T
40' AC (Max I zz)

30.
aX A(300 1 Iz)

U. 20

*031- 0

0 12

E
2 (Kv/mm) 2 (r.m.s)

Figure 2(si-g) Scriesol yield s ,c•, eh tliic I eld pl•hl l th,," v.;liOlls 'R ,s.
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Bi 4Ti3 O 2 ERF only contained 10 vol% of powder. This lower volume fraction
was used because the high shear stresses obtained in these fluids limited tile data collection
at 20 vol%. For the field levels used in this investigation, linear relationships were
established between the yield stress and ifield strength square-i for the alternating c',ectric
fields. In the case of direct fields, the quadratic relationship was often not observed.
Inspection of electrodes indicated tlse suspensions were all subject to clectrophoretic
deposition of the powders. Tile implementation of alternating fields was found to override
electrophoretic deposition and perm-it the electrorheological effect to be activated. I lie
relative performance of ERRs with different dielectric fillers are compared in Figilre 3 for
one field strength C.- 0.7 Kv/nnim) at thle op~timumn frequency response.

5000-

4000

S3000-

,J)
*~2000-

1000- P10 C MN

0 aSr1'iO~j

0 2 4 6 a 10 12

lIn K

Figu le .3. Yield stiess delviidcnice at filter dielectric eunstmaihi a collistanlt held smlrcttt (it
t0.7 k Vimiimiadat max imumt fieq aeny cotiditimis.

Analysis ot t he gradients obtained in lie yield stress v,. E2 tlot,., I i go 2. pcrnfilis
comparisons of. the Various I -R s Cto he i nade over wider fi eld rangcs. 'The gaidien is at
measure of the rehlaive sensitivity of an ER F at at given alternating fr-cq ueiiy (opt imu at nda

300 Hzl) over a range of field strengths. The gradients aire plotted ;igani st the houlk dl electric
constants of* the particulate mnaterials in Figure 4.
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From Figures 3 and 4a,b a general increase of yield stress with bulk dielectric
constant for ERFs uiadcr olptimlumi11 frequeocy conditions (5-50 Hz) was found. This trend
corresp)onds closely to the dodecane-based ERI's studied by (jlrillo et al. 6 From Figure 3
there exist two fluids Which did [lot lollow tie general trend. These exception.l cases
contained 10t vol% 13i 4Ti3()12 and 20 vMOl, Pb(Mglt3Nb2h3).1. Frouti1 a scanlitiig clcctloin
imic'roscope investigation, the Pb(Mgl/3Nbh213 ) O3 i)articles shtowed 11n altno1 hu011s cootilg,
perhaps resulting fi'om the excess l'bO added during powder synthesis to Colinp.nsate its
hiigh Volatility douring calcinuition. This amno rphous c oatihg would effectively lower hlie
dielectric constant o tihe particle to levels far below the expected bulk properties. The
Bi 4 1i30 12 ERFIs showed properties which exceeded their expected dielectric constant

performnac. Figure 5 is a scanning clectron mIlicrograp)h of a cross-linked sample
showing the plate let morphology of the 13 i4Ti3012 aligned corner to corner along the fibril
axis.

Figure 5. Scanning cluctitm incistograph of illitgied plucte INT(14 Ti3{102 imllicle ' it a

cross-linked -;ilicone cl:siomcr malrix
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Prom Figures, 4(a) and (h) thc relativc importance of electric field Frequency and
dielectric constant can be deduced. The op~timluml frequency conditions showed the
advantage of high dielectric constant particles, whereas, the 300 Iliz showed no advantage
inl usIng highcr' dielctrIIic Constant particulates. The frequency dependence of the yield
stress may he associated with variations in the fibril structure as recently Observed in
polymer matrices by Bowen e(i al. IThe Undetlying link betwer-n the fibrils and yield stress
may then he related to the relative interfacial charge polarization difference from 50 ito 3(X)
liz. The distinictive morphology of the Bi4TriOl 2 particulates gives rise to a larger local
field for a given dielectric constant. These field gradients can enhance [the interparticle
attractions to give hieh yield stresses.

Summary and Conclusion

IfIigh dielectric constant particulIates suspended in SiliconeI Oil ar-c suitable for ER I
coitl lonient s at low frequencies -5 - 50 llz. Particle morphology was found to strongly
enhance the yield stress as Observed with 130~1'i 3012 platelets. Based on these
observations, there exists great potential in designing IiRF's with modern powder synthesis
techniques and using suitable high dielectric materials. Using technologies established in
thie capacitor and p~iezoelectric ccerum ics-hbased industries, further mianipulation Of ot(her
LiRF properties, including tenq cratt we stability aid p)ower cot iStultiptoti Mtay he p)ossible
tin'OUghlt n teri al Choice and d pupa cont rol . The taiIorn ag of' dielectric properties and
Itaticle mforp~hology tmakes high dielectric particulates very attractive for ERF appllications.
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ELECTRORHEOLOGICAL FLUIDS
BASED ON POLYURETHANE DISPERSIONS
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ABSiRACT

This paper describes a new class of electrorheological fluids based onl non-
aqueous polyurethane dispersions. The fluids are water-free and were developed as an
alternative to first generation silica gel-based ERF's. The dispersed phase is a specially
developed polyurethane which stabilizes and solvates metal ions. The fluids exhibit an
attractive combinalivn of properties: low viscosity, high ER-effect, and low conductivity.
The fluids icsist settling and are readily redispersible. The ER-properties have been
correlated with dielectric loss measurements and can be directly related to the rate of
polarization and shear rate. Using the concept of time-temperature equivalence, a master
ctw-e describing the behavior of a polyuwethane ER-Iluid at any temperature or shear rate
was constructed fromn couette visconieter data obtained at different tell)pratures.

This paper is concerned with a new class of electrorheological fluids which
have been developed at Bayer during the past several years. These materials are the
result of an intensive effort to develop stable, reproducible ER-fluids for practical
applications without the problems associated with water based systems.

1. History of ER-Fluid Development at Bayer AG

Work on ER-Fluids at Bayer started in 1981. The aim was to find ER-fluids
for positively controlled engine mounts and other technical applications. Practical
ER-fluids must fulfill stringent requirements to meet this target. In automotive
applications, for example, the ER-construction must remain effective over a wide
temperature range from -30'C (-22*F) to more than I 10'C (230(F). In addition, the
EP fluid must be resistant to settling and aging, and stable in storage. Perhaps most
important, the fluids should not attack, dissolve or cause swelling of materials coming
into c(,..tact with them, in particular elastomers.

At the time of this work, ER-fluids which satisfied the above requirements
were neither commercially available, nor did appropriate information exist in the
literature describing such fluids. Therefore both the ER-fluids and the appropriate test
methods were developed at Bayer AG during a research project lasting several years.
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1.1. ER-Fluids Based on Zeolite and Silica Gel Dispersions

The results of these research and development efforts, which included the
examination of a large number of different systems, were dispersions of silica gel or
silicates in silicone oil or hydrocarbons. The fluids were ER-active by virtue of
adsorbed water on the silica gel (1-5 Wt.%).

An ER-fluid based on a silica gel dispersions had already been described by
Winslowl 'id others. Hlowever, Oppermann and Gossens 2- 4 discovered that the
addition of special functional polysiloxanes and/or polymers as dispersing agents was
of critical importance in improving the resistance to settling and the
electi-orheological properties of the dispersions. These special dispersing agents made
it possible to increase the volume fraction of solids &Lnd to decrease the quantity of
adsorbed water. Consequently, the clec'toviscous effect of these fluids is quite strong
even at temperatures up to and exceeding 110 'C (2301F). More recent work by
Filisko5 has shown that such zeolite based systems can also function without the
presence of water.

Despite the improvement that these "new" silica gel fluids could be activated
by very small quantities of adsorbed water, they still had a number of serious
problems which prevented their use in practical applications.

"able I: Advalitag~s and dimsdvawtages l silica pel and zeolite ba.ed HR-fluids

Advantages D)isadvantages
high shear stresses high zero field viscosity

low minimum field strength relatively high conductivity

abrasive

sedimentation; stability

Table I lists the advantages and disadvantages of silica gel based fluids, It is
apparent that although the fluids a'e capable of high shear stresses, this property
alone is in and of itself insufficient for practical applications. Especially troubling is
the high conductivity (a direct result of the adsorbed water), abrasivness and perhaps
most importantly, the sedimentation and stability of these fluids. The major problem
with water based fluids is the strong dependence of the ER-effect upon the
concentration of water, however, an additional problem of silica based fluids is the
self-condensation of activated silica gels in the presence of water. When such a fluid
sediments and is left standing over along period of time, not only is it not
redispersible, it has often solidified into something resembling cement. Although it is
possible to compensate these problems to some extent through surface modification
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of the particles (e.g. surfactants), the goal of the present work was to avoid water-
based systems, and if possible, to choose a dispersed phase that would be non-
abrasive and inherently less prone to sedimentation.

1.2. Considerations it Developing Improved ER-Fluids

Table 2 lists the design criteria for a new generation of ER-fluids. Contrary to the
generally followed approach of maximizing the ER-effect at all cost, additional design
parameters of practical importance were given priority. The varied requirements for an
ER-Fluid can be separated into "necessary" and "advantageous" properties, guiding the
choice of the dispersed and continuous phases.

Table 2: GrIls for the developueiti of new generation ER-fluids.

Primary Goals Secondary Goals

stability low zero-field viscosity

acceptable, reproducible ER-effect low conductivity
water-free wide effective temperature range

non-abrasive dispersed phase

low sedimentation; re-dispersible

2. ER-Fluids Based on Ionic Conductors

The relatively low densities of suitable non polar liquids for the continuous
phase limits the choice of dispersed phases to materials with low densities. One
interesting class of materials is the organic conductors. An examination of the
literature concerning ERF dispersed phases based on organic conductors reveals that
as a result of the methods used in their preparation, most contain ionizable groups
(admittedly sometimes inadvertently), and are in fact ionic conductors.

Table 3 depicts a number of known dispersed phases whose polarization could
be explained by an ion-conduction mechanism. Among the inorganic phases, the
aluminosilicates with the highest known effects contain lattice defects which allow
ion mobility, or are "doped" with additional metal atoms. Metal hydroxides have
been of reported to show good ER-activity when activated with water or a polar
solvent which facilitates the mobility of the ions. A number of interesting systems
based on anhydrous inorganic conductors such as zirconium doped aluminosilicates
have been reported in the recent patent literature. 6-8



70

Table 3: Examplens of ERF dispersed pha s based on ionic conduction mechaTlisms.

Inorganics Important Mechanisms
- zeolites 1) Polarization of the ions is assisted by

- aluminosilicates the presence of water.

- metal hydroxides 2) Dopant cations are conductive.

3) Stabilization via an ionic matrix of

Organics counterions.
- conducting polymers (doped)

- polyelectrolytes such as: o OYLt 0 OCrLl

poly(lithium methacrylate) , . . ,

poly(sodium styrene sulfonate) W ---

1. L1* -ecoo.

On the polymer side, the well known polyelectrolyte based systems (including
functionalized ion-exchange resins) are usually activated with water to increase the
ER-response. However, a number of reports suggest that anhydrous polar solvents
(even aprotic ones like propylene carbonate) can also be used to activate these
systems.9-t 2 Depicted in Table 3 is the structure of poly(lithium methacrylate), a well
known dispersed phase in ER-fluids. As a dry powder, the lithium ions in the
particles are strongly bound by the carboxylate groups. The addition of water or
another substance which can solvate the lithium increases the ionic mobility and
allows for a surface polarization of the particle in an electric field. We propose that
the special role of water for the ER-effect lies in its solvating ability, rather than in its
inherent polarizability in an electric field,

The conducting polymers hare listed here as a small caveat to those interested
in using such materials as dispersed phases. Such polymers are able to function as
electron conductors, and should have advantages over ionic systems when one
considers the inherently low temperature coefficient of electronic conduction.
However, many of these polymers must be doped in order to achieve appreciable
conductivities and most are polymerized via initiation with metal ion complexes.
Because most of these initiators and doping agents are oxidants or strong Lewis acids
which can generate charged byproducts, the polymer must be carefully purified of
free ions from the initiating system or the dopant. Otherwise, the measured ER-
effects are likely to result from ionic polarization mechanisms.

-ar
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A careful review of the available literature reveals that the only known truly
strong ER-fluids are based on systems with ionic polarization mechanisms. As
previously mentioned, a great deal of work has been done using ionic p.olymers
activated with water or solvents, however, the use of liquid activators of any type is
fraught with the problems associated with the evaporation or leaching of the activator.

2. 1 Polyurethane-based Ionic Conductors as ERF Dispersed Phases

Polymers based on functional polyethers (as well as aliphatic polyesters and
polycarbonates) can be cross linked with isocyanates to form polyurethane elastomers
which are solid solvetits for metal salts. Especially interesting are systems containing
sequences of polyethylene oxide. The high solvating power of the PEO segments for
metal atoms stems from the interaction of the electron pairs on oxygen. The powerful
cryptand 18-crown-6, an excellent complexing agent for lithium and sodium ions is
based on an advantageous circular arrangement of the oxygen atoms coordinating the
metal cation. Similar structures, in which a central metal ion is enwrapped by a
helical PEO-chain have been detewrined for crystalline complexes of ethylene glycol
oligomers and alkali metal salts.13

UI+

f "O 0 0Li

18-Crown-6-ether PEO-Li* Interaction

Figure 1: Schematic representation of the Polyether:Li+ interaction.

The functional polyether sequences can, for example, can be conveniently
linked with isocyanates to form polymers with the dimensional stability required for
an ERF dispersed phase. Using expertise gained from many years of research into
polyurethane stuucture and properties, we can optimize the chemistry of the polymer
network to control the ion mobility, thus yielding a new degree of control over the
polarization process in the dispersed phase of these ER-fluids.

-U-___
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• Polyether or Ester Soft Segment Urethane Crosslinking

low Tg permits ion mobility enhances temperature stability

dissolves and binds charge carriers furnishes structural integrity

NHCO.uvvxv%

2 OfCH'-CH,-Oi-'ONH-0 
NHCOzvvM

0HCH,2  OHO ICH,-CH,?o Oj..CN14~

CH ,O fCH,-CH,- O j-CO N H .5

Figure 2: Example of structure and properties of a simple lxplyuretliane ERF dispesed phae

3. Composition of ERF's based on Polyurethane Dispersions

Table 3 affords a general description of the fluids referred to throughout this
talk. The electrical and mechanical properties of the dispers•d phase can be varied
within a wide range of behavior. Variation of the amount and type of added salts
allows an additional degree of freedom in controlling_, the suscept ibility to
polarization.

'Table 4: C.eticra.! dlescrilioii o1 an LR-lu.Ihid with a tXflYUrclh.flnC (I1h$s[Cr d thase. ,

Dispersed Phase Continuous Phase

crosslinked polyurethane polydimethylsiloxane oil
dissolved salts silicone dispersing agents

up to ca. 60% solids stabilizers
very fine particles (app. 3-5 inti) density app. 0.917

density app. 1.09

Silicones remain a top choice for the contiVLuous iphase as a result of their
favorable combination of properties, chiefly their high stability and low temperature
coefficient of viscosity. Spcciai dispersing agents and stabilizers are used to improve
the stability against sedimentation. The small particle size allows for fluids w;th a
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high volume fraction of solids while maintaining a low zero-f ,old viscosity. This also
slows the inevitable sedimentation of the dispersed phase with tiO. and improves the
stability of the dispersion. While density matching of the two phases is possible in
theory, (at one temperature!), the fluorinated and chlorinated oils with the necessary
densities are expensive and raise a number of toxicological and ecological concerns.

The polyurethane dispersions are made using a proprietary in-situ
polycondensation reaction which allows a good degree of control over the polymer
properties and the particle size distribution. The impoia'ince of the size distribution of
porticles lies in obtaining stabile dispersions with low zero field viscosities.

1000

- 55 7 Vol-% (100 s-1)

55 7Vol-% 2000 S-I)

%-100 - •• ] -- × -45 5, Vol-/.
+ • - 35.8 VoI-%

0.E • -"26,4 Vol-%,:

10 x

20 40 60 80 100 120 140
Tomporature (°C)

P~igurc 3: Ellect of )ClCIa~n t urvl C anl vol imnl" fri i n solids oin theiC.or field viscosity.

wigure 3 depicts the timnpcraburc dcpelldi-nce of the zcro field viscosity while varyin,
the volume frit tion of dispersed phdse. In general, the viscosities are quite low(< 500t rn~a s), coil sidering, the high volume fractionl of solids present. "l'lle
temoperature dependence of dtic viscosity increa.<-.s with increasing volume fraction of

polyure,.hance. The viscosity appeal-, virtually shear rate irldcpendent up to a volume

fracioi of 4' ..6%. The 55.7% sample shows soome shear thinning upon go"ing from
1000 - 20,i:s-1. We have found that vclumc fractions between 40-50% of the
di-persed pl'a';e lead to a good all-around combination of properties, but that lower or
highc: volume fractions can be useful foi sp)ecial applications.
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4. Electrorheological Properties of the PU-Based Fluids

Figure 4 depicts the electrorheological response of a typical PU-ERF

optimized for a maximum ER-effect in the 60-100°C temperature range (high
temperature formulation). Characteristic of the PU systems is their very low zero field
viscosity and their relatively low conductivity. A low zero shear viscosity combined
with a relatively high ER-response yields a large switchable range for the fluid. The
so-called switching factor (Tau @ 3kV / Tau @ 0 kV) ranges from about 10 at 25' to
approximately 200 at 900. However, despite the generally low conductivity of the
system as a whole (and as compared to other known systems), the values climb
exponentially above 100-120°C thus preventing application at extremely high
temperatures. The ER-response occurs at field strengths above I kV/mim and increases
approximately linearly with the field strength.

DC Couette ViscomelerTest @ 1000 s-1
2500 .. ! i ! ! • •-_-• 12

2000 . 10
ro

_ ~8
1500

-- 3 kv/mr6 l
U)~~ .--- kV/mmn

• ... 10 00... .. .. . .

0 • . ....... .. . ,4 . ' . . . "500
2

0 0
20 40 60 80 100 120 140

"Temperature (°C)

Figure 4: ER-Behavior of a p.lyuretlhane bard ERF for high tcuipeiature applications.

Figure 5 depicts the ER-response of a PU-ERF formulated for applications at
ambient temperatures (low temperature formulation). Here the maximum shear stress
is achieved at room temperature. The switching factor and conductivity of this sample
are comparable to those of the previous fluid. The response has been shifted
approximately 35°to lower temperatures. Despite the decrease in excess shear stress
below 250, a switching factor of 7-3 is achieved at - 10'C. This would be adequate for
many applications not requiring av extremely strong response at low temperaturcs.
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DC Couette Viscometry @ 1000 s"1
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Figure 5: ER-Behavior of a polyurethane based ERF for high temlx'rature applications.

One of the key questions concerning the usefulness of an ER-fluid is its
behavior under dynamic conditions i.e. at high shear rates. The ability of an ER-fluid
ic respond to an electric field under high shear is a measure of how fast the fluid
switches between the "on" and "off" modes and is therefore important for many of
the control applications envisioned by engineers. An adequate ER-response at high
shear rates is also of utmost importance for any eventual hydraulics applications of
ER. The polyurethane ER-fluids are tested under high shear conditions using an ER-
valve consisting of an electrified cylindrical annulus, through which the fluid is
forced via a pneumatically driven piston and cylinder arrangement. Sustained
performance tests have also been performed using a specially adapted hydraulic
apparatus through which the fluid is mechanically pumped.

Figure 6 depicts data taken using the laboratory ER-Valve apparatus. The
shear stress is plotted as a function of shear rate and field strength between 8,000 and
80,000 s-i. The fluid tested was the LT-formulation depicted in Figure 5. The very
high shear su'esses are in part due to the increase in the zero field shear stress.
However, the fluid still demonstrates a remarkable ER-activity at extremely high
shear rates.
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High Shear ER-Vaive Test @ 250C

14000 * E=0O0O~k/mm -- E -. 3F ER-Valve
12000... ...... ........... ...J... E..g,2 Ve

FO-1 *-*** ...... . . ...

S 120000 - E-2 67-.m EIICkV. roem

6000/m EQ.3

1U0 . .. ...........

2000 ...... .._

400

10000 .1.0..0

Cof Vs 3loW Shear Rate (soc1')
Figure 6: EF-Behavior of a poi juretllawl based ER-fluid in valve flow.

Although the excess shecar stress decreases with increasing shear rate at fields
below 4kV/mm, shecar stress can still be increased 2-fold by a field strer~gth Ofonly
2.67 kV/mm at a shear rate of 20,000 sec- 1. Ai higher field strengths, respectable
switching ranges of 6-8 are achievable at 80,000 sec-1 and switching factors uf greater
than 40 are even possible at shear rates as high as 10,000 sec-1 . Taking into account
the length of the ER-valve as well as the volumretric flow rate, we calculate a
residence timne of less than 7 insec for the fluid flowing thvough the valve i't 80.000
sec-t . The actual fluid response time would have to bt, much faster than this in order
to achieve measurable ER-effects at such high shear rates.

The question remains as to how the ER-valve data corrcla.cs with thc
viscosity data iaken using a Couette viscomieter. if oIIC takes the shedr stress
measured at 1000-2000) sec-1 and plots it onl the graph ini Fig. 6, it becomes apparent
that at the same field strength, the Thear stress levtls measured inl thle COLLtt
viscometer lie somewhat lower than thos;e measured in the E'R-valve. It appears that
the magnitude of the ER-effect in these (and other) fluids depends to some extent
upon the geometry and mnode of flow. tBrulln and Vorwerkit of the University of
Erlangen-Niirnberg recently presented nicasulremenlts of the velocity profile of anl ER-
fluid flowing in a channel. The measured vclocity profile of an 1FR-fluid in an electric
field changed from that of a Newtonian fluid at zero field tc that of an ideal 13ingham
fluid.
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Figure 7 shows the idealized Bingham velocity profiles calculated from
measurements on a PU-ERF in an hydraulic valve. The parabolic profile becomes
flatter and approaches plug flow at high field strengths. Thinking in terms of the
chain-like structure of an ER-fluid in an electrical field, it becomes clear that in plug
flow tile chains remain essentially intact in the center of the channel. This in turn
leads to higher apparent -R-effect in flow mode devices. In a Couette viscometer the
chains are constantly sheared within the entire active volume of the fluid, leading to
somewhat lower shear stresses. The question remains if this is a universal attribute of
ER-Fluids, or if some fluids (perhaps those with weak particle-particle surface
interactions) are more susceptible than others.

ERF Velocity Profile in a Ring Channel
Channel: L=40mm, b=0.75rnm, h=38.5mm

400h, T=5 0'C, Q-61/min,D'=27720s&
6 0 0 .t _ - __ _ _ . . ._ _

E
.• .... .... ..... . . .... . .. ... . .... ..... . ......... .. .. . .

• " 4 0 0 6 .. . ............... ..... ... .... .

• 0 r I ............... ........

3200 ......

.. .... ... ..... i ......................... ...... . ..... ........

8I100I -' Tau(E 258a, E =2OkVtmm L ..... ... .. .._j 1006 -e TauE 1580a, E=0VMMMS Tau(E)ý5420Pa, E-akW/

VI . . .o'. 2' ' - -. 3, C 4 ---- .5
Distance from Center of Channel y (mm)

Figure 7: Calculated velocity profiles of an idealized PU-ER-fluid (Binghan Wh avior) in valve flow.
D* = shear rate at the wall as calculated for a Newtonian fluid. Q = volumeric flow rate

One of the questions which frequently arises concerning ER fluids is their
long term stability In use. Figure 8 depicts the results of endurance tests using a
modified hydraulic apparatus. The polyurethane fluid withstood shear rates of 45,000
sec-I and field strengths up to 9 kV/mm for several thousand hours without
significant changes in the fluid properties.
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ER Hydraulic Valve: Pressure vs. Field Strength
0 = 10 /mrin Eff.Shear Rate = 45,000 sec1

12 ,
E 1 0 ...... 0 0 z o h . ... ....... ....... ...... ... .............. .... •;. ...................

•,• -- -- - 400 h i , .

0 e ~..... 800 h !.;

0a) S4
:3

o 2 4 6 a 10

Field Strength (kV/mm)

Figure 8: Behavior of a PU-ER-fluid under continuous use in an hydraulic apparatus.
Shear rate at the wall as calculated for a Newtonian fluid, Q = volumentric flow rate.

5. Correlation of Dielectric Relaxation and ER-Effect

One of the most intriguing aspects of the PU dispersed phases for ER
applications is the ability to control the polarizability through changes in the polymer
matrix, TI'his allows one to investigate directly the ER-effect by controlled variation of
the polymer structure and subsequently the rate of polarization. Figure 9 displays
shear stress data (D*= 1000-2260 sec) for two polyurethane based ER-fluids which
have been formulated for ambient (AT) and high temperature (HTr) applications. In
this diagram, the shear stress data is plotted as a function of the frequency of
maximum dielectric loss, as measured via dielectric spectroscopy. The location of the
frequency maximum in the dielectric spectrum is a measure of the rate of polarization
of the polymer at that temperature, and in ion-containing polymers this corresponds
to the ionic polarization,

Several things are remarkable about tlvh data taken on these samples.

1) The LT-fluid has its maximum shear stress in a fairly narrow 35' temperature
range firom 25 - 60 0C.
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2) The HT-fluid, on the other hand, has a rather broad 600 range for its maximum
shear stress between 600 and 120'C.

3) Both shear stress maxima lie within a 2 decade range of frequencies centered
around 1-2 kHz.

4) With a few exceptions (possibly due to surface effects) the shear stress and
dielectric loss data of good polyurethane ER-fluids lie on or near this curve.

Correlation of the Dielectric Loss
and the Maximum Shear Stress

25000 -. .... .... ..
C)

21 0 0 0 L . .. . . . .... .. ... . ... .......... .... ........ .F . . . . .. . . . . .
121

E 12000

SnAT-Fluid
o 1 1 5 0 0 . .. ... . ... . --. ............. H T -F lu id I . . . .. ..... .. [

0.01 0.1 1 10

Dielectric Loss, fmax (kHz)

Figure 9: Correlation of shear stress and dielclric loss measuremenls of a pxolyurelhane based ERF.

These results suggest a window of optimal frequencies of polarization for the
polyurethane dispersed phase between 100 and 10000 Hz. Block and Kellyl 5 first
described the relationship between the rate of polarization, the shear rate, and the
maximum achievable shear stress. The PU-ERF's also appear to follow Blocks model
for the dynamics of the ER-effect under shear. Block's theory states that for the
maximum ER-effect, the rate of polarization should optimally lie in the same
frequency range as the shear rate. Too slow a polarization and pearl chains never have
time to form, too fast, and the chains are destroyed upon shearing.

Figure 10 shows the behavior of the AT fluid depicted in Fig. 9. The excess
shear stress is plotted as a function of shear rate at three different tunperatures.



80

1) The 25'C data indicates a maximum in the shear stress at approximately 200
sec, almost exactly the dielectric loss frequency at that temperature.

2) The 60*C data increases towards a maximum with increasing shear rate.

3) The 10°C data decreases from its maximum shear stress with increasing shear
rate.

The maximum of the shear stress curve appears to be shifted to higher shear
rates with increasing temperature. This behavior correlates directly with Blocks
theory matching the rates of polarization and shear. The rate of polarization increases
naturally with increasing temperature, therefore the optimum shear rate for maximum
field induced shear stress must also increase.

Shear Rate and Temperature Effects

2500

n 12000

601

1 . .. ...0 ... .. ...........- 'T ! ' Y ':

. .. . . .- I . .. ... .. . .. . . .. .. .. .. . ... . . • . • . ~ . i .

500 0

10 100 1000 10000

Shear Rate (1/s)

Figure 10: Excess shear stress (Tau3kV -TaUv;kV)as a function of shear rate at 100C, 25'C andb(AC.

This type of frequency-temperature correlation is well known in polymeric
systems. The time-temperature superposition principle states that it is possible in such
cases to construct a master curve describing the behavior of the material at any

-v
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temperature simply by using reduced variables and shifting the response curves along
the frequency axis relative to a reference temperature.

In Figure 11, the curves from Fig. 10 have been shifted along the frequency
axis by a factor aT to yield a so-called Master curve describing the fluid at any
temperature. The values of the shift factor, aT, were fitted using the an empirical form
of the well known WLF-equation which is commonly used to fit relaxation data. 16

The constants CI and C2 , derived from relaxation measurements on elastomeric
polyurethanes, were taken from the literature1 7 and used without modification. An
interpretation of the significance of To = 57'C is somewhat suspect. considering that
only 2 decades of shear measurements at only three temperatures were used for the
fit. In polymer systems, To, often lies about 500 above the glass transition temperature
for the polymer, the temperature below which segmental motions stop. Could the
concepts of free volume which played such a large role in developing the theories that
describe polymer relaxation behavior be of interest in unraveling the ER-effect in
such polymer-based systems?

Shear Stress Data "WLF Master Curve"

25000

"C 2000 " " g- a0"' Ci il .. . " "'

10 100 1000 0000

Adjuste Fre(uenCy (.86

PiucI:M sc 're n ll)YfiiiC iR fluid i t: d ;:k ::oidingt WL : :iyp qui

at iswl nw thati th prmr chn elxaions•! rc onsbleforth

LL- --To)

S: iiii C . 10.,.6
io, (

10 1000 100000 10000000
Adjusted Frequency (w~ar)

Pig=ur 11: Master Curve lor AT I)olyurethiane F.R-fluid fitted according8 toa WLF-type equation.

'it is well known that tho primary chain relaxations responsible for the
mechanical properties of polymners can be related to dieiecu-ic relaxationa phenome~na.
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and we suggest that similar relaxations also play an important role in determining the
polarizability of polymeric dispersed phases in ER-fluids. We propose that the
correlation of shear stress response curves with temperature dependent dielectric loss
measurements interpreted within the framework of known relaxation phenomena in
polymers can lead us to a better understanding of the principle processes which
govern interfacial polarization and the ER-effect in these systems.

6. Summary

In summary, we would like to emphasize the following achievements of this
work.

1) As part of an ongoing effort to develop ER-fluids for practical applications,
we have created a new generation of stable, water-free fluids based on
polyurethane dispersed phases.

2) The new fluids exhibit low viscosities, good ER-effects, and low conductivity.

3) The fluids are being produced in a pilot plant scale, with excellent
reproducibility.

4) We have developed a theoretical basis for understanding the ER-effect in
these systems based on an ionic mechanism of polarization and are attempting
to quantify the correlation between the dispersed phase structure, surface
polarization and ER-effect.

Using the combined tools of synthetic polymer and colloid chemistry, we can
produce fluids custom tailored for specific applications and are currently attempting
to broaden the temperature range of ER-response (currently app. 90'). These systems
show promise for a number of applications and we are actively working with
partners to develop ER-devices using these fluids.

Special hanks to the members of the ERF Development Team, especially
Dr. Wendt fOr his invaluable assistance in preparing for this paper.
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Surfactant-activated
Electrorheological Suspensions

Y. 1). Kimt 511(1 D. .1. Kliiigei'berg

D epartmn ent or (:11 tencal Enlgi veri riA and~ lieology H esearch Cciii er
Universi tv of' Wiscoti'si , Ni adison, WI 531706

Abstract

Ones way to improve the electrorheological avhvity of mainy shuspensions is to add
a somall amountl of surfacitwit. We report oil prehinminary experiments invest~igatkig the
act ivat ion of a! u illi to stispeivisioms usving three dilfferent typies of nion ionic. so rfactants -

it) rmost :wses, add itg so rfaociant produces a significanit increase inl the dy n anoc yield

stress, with Iihe yield stmres wtissi 1mg through a omaximummmm as the burfactant covicentration
is i.::r-easeo[ We also findl that the' ifluencic or wirfactant~s onl the responise is seasitive

to thle :1nlolnit of water inl tile Suspension.

1Introduction

Usirng elct~riv fields to control suispensiotn viscoti ty has mninry applications inI torqueC
and stress tranisfer devices 11, 2, :3, '1, 5). Applicatious currenatly being develop~ed
include enigine andL rock cab mounts, shock absorbers, and robotic actuators; aut~o-
motive clutches andl br-kes are envisioned, but conventional electrorhecological (UR)
fluids cannot provide the retqtired torque transfer, Other limitations that often In-
hi bit devi ce develop riemit incluiide excessive p)owerI consuiminptioin, corrosion, Mttr it ion
and1 limiitedl tempilerature range of op~eration. Ill order to improve existing applicaitions
and exploit thle foll lpotential of Ell technology, be(tter EHR fluids are needed.

T'ihe ER response catl he enhanced by the addition of '" ',oitypically small
amiounti of' water or smrrFactants [6, 7, 8, ) , It), 11, 12, 13, 141. However, adding
wVater to activate thle sosp(ensions also increases suspension conductivity and power
consumuption, p~romotes corrosion, and restricts the tensperature ranige of operation.
we hlave initiated anl Investigation of' EIZ suspenisions activated by surfactants. Givetn
the large nuubvei of stiractanlts, it is reasonable to expect thiat systemis cart he for-
tiolated to provide a significantly enhianced Elt response, without possessinig all of

the linitations zissociatel -with wvater-activate~d susp~ensionis.
T[he goals of our research are to dietermine the mechanism or mechaniismos by which

surfactants activate the ER resp)onse, ind to determine the properties that control ERt
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atctjvjty. With this infortinatioit, it Will he p)ossible to dAeter1iiciii that tet ('t(II U)Which
l ilt ElR response can be etihanced, t~o idenitify anly possible finidatinits., and kili tmiately.
to design andr optiiiiizc' ERi suispeniions and devices for specific ajpfiilictiolts.

Ilii this report. we present prelifiinina-y exp~erimeicntal result's onl tin(' snrhntlonnl.-
; ctiat r('s;pciise of \'ariolis alkiminia suspeinsions. using three li Iferent types of 1coit-

ioilic slilt factatilts. Thei eilliaiicemnett is character'izedl ly the increase iii the ýiviailtic
vielId stress. whic is incas nrc with it a iodi ficd icoit mol leitraltn r hooeiiicter. IThe s ii -

ilaritics anld differences amlong the various forminlatiotis relV iIll str,)1ed. andl djr0ctiOiiS
for ft it rc wo rk are discoussed.

2 Mat~erials

Suispensiostuc' oni ii-.'tod of ( AIiOct) pairticle,~ disptersedl in silicwoneuil N`96~t. ( hiic'rvaf
El'1et(ic, , i 0.09616 Pa l~sq, = 96,8 kg/iii). 'lThree dififerent t~v Jies of iwtivaltvdu aml
miniia particles were eiiitlovec: acidic, tientral iuiI basic ( 'Aldrich. 1i7,--2

1t1711 kg./iii.
averatge pore di aiint~er = 58 A i gSt ron1s ). Tfl ie l,11nt1i na particles were iLO p mOiii itefly
SpI) hrI-ical and sieved to oh taitii d janieters ill thle range of' 6:1 - 90l tin. N on onic stir-
fac I tmits; invest igatecl we ri g Y cern I nit iiiooLeae (C NI 0. ICent i cal Service), glycerol
trioleat'' (( T1O. ( liciiiical Surice) ait)l lili 3t0(11l~0(l('l}cl Aldrich).

3 Suspension Preparation

Stits Pimisios were iirepi)11 ed 11Y firist addingK tlIce sum factacit Lo thle puc re s tlicuioite oil. Th e
particles were vidtler Used as received ( "iond ricc stispec is ins' ), ocr were dried For 4
h1OL1rs i ide r vatic ini (-10 p sig) atL 5 0'C' tic remove free wat~er ( "drifi tis uspensions").1
Thliis (fry itg p rocedcunre ren iovel water iin t te ai o it, of afpprox imiately 0.2 w t(Y of the
dried particles. Thle particles were then added to the siirfac ant solution and stored
iii it. (eic' cator to mini itie lf-ii tact withI air. Rhevological ,xjpx'rinIienLts were per"hrt n cc
at least otie( or t wo (lays itfter satipfle preparation.

4 Rheological Measuremrents

Idlleulogical Qxperiiieiits were performted on a 11otlinir VO R rfteuntetc- fitted wcthI
parallel plates, attd imodified for the aipplicatioti of largc elect~ric fieldls (a schelnaiti
diagrmi of tltc modified rheomecter is p~resentted lii Fig. 1). Potential differences were
supp~lliedl by at functiotn genierator (Statnforcd 11 -arch Sys3temis, Litodel DS345) antd
amtplifiedf with a Tirek mtodel 10/10 amplificr. Experiineiciis were coc'dncted witht an
clectric field fr-ilequeny of r500 ifz (ex ~eft for the freqtiency sweep experitiieiits).

Suspensions were ptlaced betweein the parallel plates, and sheared for one miniute at
al la.-ge shear rate ( > 40 s-1 ) andI zero field stretngthi to iinsume a untiforrn distribution of
pcarticles. The (desiredi electric field was applied fo. one mintute ptrior lo the rheofogical

NUN- -qt :-- - nz
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Torque Transducer

(11N.Stainless Steel

Dclrin

Plciliglass

Figure 1. Schvumli- d iagramii of tile -1vIcuia r IoifieI for Ole applicaLior of lairge lectric fiidh.

111ii' I'Vllnts Ifiv lugcil lwas relivllswel pe fo-Ilt'd 1), "lvil-llp ! t( su pen io
;it. consislit shlo'i1.' rak-lOW I In' *plit'u flitn id. uiuid I'VCor(ilg tit( Slicai S~t-vss

the lie rcil('15114 Shivi11i 1iitei l oiIulklll plot s of shlai. Stress ils R uii (1ill01 Of SIIjleii ati'.

Vahlius for the' dn ullij ;' vId 5)V To. Mile deli-tim'riiid 1)' extrapohlatinlg thie "Iii'ar
stii-ss-shicii rate da~t LO1 ZeOR sheari ratc.it,;a illustraited ill Fig. 2.

5 Resuilts anud Discussion

('1(t iodl-ciM- dihi.a i IiDr jlih alinitiw soivipcisions ( 20 wtV i v:tlii)ilt sul-iiait.auit are

piol~tti as .. hh111cliolý of tie fieldl S rungtlt squared ill Fig. :1. Th~is figure ilinstrat(is
thait Ilic r'espimise is hil'omioh~~illal 1)th tin' id 'itleugthi s(1nlartlh.

Tlie depe idllne ()f LttYiel stre(ss, oil Brij 3ii volcelltrlutioii is preselitteu ill Figs. 4,
5 anmd 6i 1 aidicii liviiirah anid basic tl~llmillal 511hu'i11(clLS)(ivehy. For each alit-
iiliiil Slsp)(llslioll. tihe Yield stri-sh iuuitiahlv inirelavms With Stih-actatit conicentra~tionii Sild
I Iw Ii ia~sss L I I oiig I a uII aXi I I II I III t Ie I II aXI I IItilllf o(-uil1s atL a silliraLitt It vliICvilrtI'l.II Ij

of aiuiroxtimatehy' 2-:1 %vt.(YX. 'lI' ll(maxim~a at dehetrii field strenigths of 50(0 'V/in are
shalt ffd to k.i-gei min fact~ait Clloilicit rationg tiaii obiserved for i-'rgi' fiehil sticligthts
!0 or 1)0t) nrt-rai auld kasac ahllimilia For.i~eous O tuse Bii; 3t) a( iivated asi
sionl in' tit( aitiami l vii uiiaicemetieiit iiith yield stress varieis from appr)oximiately 300

.......... ......
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Figure 2: Extrapolat~iol of slar t•ress-rhear rate data to outain a value for the dyniinic yil( stress.
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V

li i 'I, I s* t-it tsil fit4 tI i- of hlm ap ri

Iit. sr rsi d. fill xrsd 'I t#sr (ill ( ;,%() sit'l( it~ratioli 14 presesnteud ill Fig.

[, I f 1w flits- 1% ti'., (- 'd tbjInIllsI I I ' % ispelisriIIS. 1li' 114 iie, if. Ia% I k s 4i iI I I II tk )

liii h..i \ dsI h fill- s~'.ip rýi~tdiillllllg il .111. withi niaxlnii_::1 ciliailt-ittients
if, It- .iaiis '.t 2sA 11 0I Ili~. desp-stisisngossl 'lit- p~rticles i\')4-. NMaxi 1IniVieii YLIstit'esseN

".1I % s -- h!1 %1 (I'll, "lit rM 1011L iA ;Ip~r; xihirttIv 1:1 wt% for boili acidlic and
1 dol1 L11.ult1il.114 tliiis dil .11 airtiprriitniitely 7 wt%/1 fol b;rusii diumtlla. Thev

isl.k ITi1.1 'hit? is lat LgsI wi ,\( ssnt ration.s asl the applie'd telectric: held lecreases.
Ih lir ciiei .4 1 lic yilvsl At esis )in (sO cuncetitrationi is presented in Figs. 10,

'i .iI 12 14,1 1 lit-ill 1 *is tIIV's rf aititina suspensions. The yield stress enhancemntc
5? sil ~ii jgi h tit( 1ir these' sulipevsiois, and in fact a reduction In yield stress is

"ststl st'.'vss hsi 'sis-ld rt~res's iiiaxinia do exist for thc acidic. and neutral alUmina

-sr -xj,,srivnits pi'rfsrirtAit a surfactant concent rations above that --rresponding
I. t i- ItimminTiimn visiri st re's., tite samples drew a considerable amount of current, pos-
'1.1 unfistt Ing ;in inI ssiviuss fin th litumber of mobile charge carriers or their mobility.

Iiifit'.'it'tii r ill. fir l.d s~trenigth dependence of the yield stress was found to
IssI.s rs:n t he' qu~t,mtd de(pe'ndenice observed at smaller surfactant concentrations.

"stir ll s V.ilf,lsl l itil Sri'sttlratisit corresponding to the maximum yield stress was
tsssiisl lo Is.- fivid ds~ssndl'-iii. it lisituws tGat the saniple coniductance is likely to depend

1-11 tihe hsvis Irii tisist 't rs'gth ai nd the surfactant type and concentration.
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YIELD PROCESS OF ELECTRORHEOLOGICAL FLUID WITH
POLYANILINE PARTICLE
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ABSTRACT

Electrorheological behaviors of polyaniline/silicone oil suspension was
observed by using a modified Couette type rheometer wth high resolution
for shear stress. The yield behaviors were examined over a wide range of
shear strain. The storage modulus and loss tangent were determined
under a constant DC electric field. It was clarified that the polyaniline-based
ER fluid yields at two different strain amplitudes, i.e., about 1% and 50%.
The stress-strain curves obtained from shear flow experiments also
suggested the existence of two-steps yield process. The yield process
was found to be dependent on the electric field strength and the particle
concentration in different manners. The yield behavior observed is discussed
in relation to the structure of particle clusters which causes the ER effect

*To whom correspondence should be addressed.
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1. Introduction

The mechanism of electrorheological (ER) effect has been studied by many
researchers In particular, suspension systems in which dielectric particles are
dispersed in an insulating solvent have been investigated in detail because of the
drastic change in the rheological properties arising from an external electric field' ' It
was clarified from direct observations that suspended particles in ER fluid form
clusters under an electric field' Theoretical models have provided useful information
for the understanding c! the ER effect Marshall et al succeeded in correlating the
viscosity, field strength, and shear rate with the Bingham constitutive equation' The
results indicate that the yield process of the fluid is ,mporlant to clarify the mechanism
of the ER effect.

The yield stress under shear strain for ER suspension systems were reported
elsewhere' However, measurements with conventional rheometers do not give
sufficiently reliable data because such rheometers generally have poor resolution for
the application of shear distortion and detection of the stress ER fluids exhibit
remarkable change in the apparent viscosity under external field, and thus, high
resolution is required for the rheometers in order to obtain precise data. It is desirable
to analyze the behavior upon cluster yield in further detail for the elucidation of the
mechanism of ER effect In the present paper, we report the measurements of the
dynamic viscoelastic properties and shear flow experiments of ER suspensions by
use of a viscometer which has high resolution for shear distortion.

2. Materials

Polyaniline particles with the average diameter of 0.4 pm to 7 pm were dried
under vacuum prior to use. A 30cSt silicone oil was used as a solvent, which was
purified carefully as reported previously'. The particles were dispersed in the solvent
and the resulting mixture was sonicated for homogenous dispersion, and then used
as the sample fluids. The particle fraction was changed from 2 to 10 wt% in the
dispersion solution.

3. Apparatus

It is important to use a high-resolution rheometer for detailed examination of
the response of ER fluids. We exam~ned the difference between data obtained with a
normal rheometer (Rhoology Co. Lid., MR300), which employs wire-type torque
sensor, and a modified Couette type rheometer, Rheology Co. Ltd., MR300-V2. The
modified rheometer is constructed with two concentric cylinders and a torque sensor
which employs a torque meter instead of a torsion wire. The outer cylinder is the
driving part of the shear deformation and the inner cylinder is the detecting part of
the stress. The diameter of the outer and inner cylinders are 35 mm and 33 mm,
respectively. The height of the inner cylinder is 14 mm. The shear stress is detected
as the distortion of the center shaft of the cylinders. Torque is evaluated from input
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voltage V,,, and output voltage V,,_, of crossed gages according to the following
equation

XV K I

where T. d. and G are the torque, diameter of the shaft, and distortion elasticity ot
the shaft, respectively The two cylinders are used as electrodes for the measurements
under an electric field The cylinder electrodes were completely insulated from the
main body of the apparatus

The strain and stress were estimated with the following equations. in which
the applied strain is precisely evaluated by subtracting the rotation angle of inner
cylinder from that of outer cylinde;.

Y=-- - (2)

*1"

where y is the shear strain, 1t, and 0l, are the rotation angle of the outer and inner
cylinder, R, and R, are radius of outer cylinder and of inner cylinder. o. T. and L are
the shear stress, torque, and the length of the immersed fluid respectively

Figs. 1 and 2 show the apparent strain, applied strain, and stress response
measured with the rheometers MR300 for an ER fluid with cation exchange resin at
small and large strain regions, respectively At the small strain region shown in Fig
1, the actual applied strain (b) was quite smaller than apparent strain (a), although
the stress response (c) was sufficiently detected. At larger strain region. applied
strain was closer to that of appa.rent strain On the other hand. the modified rheonieter
MR300-V2 gave more improved resolution for both the applied strain and stress
detection Figs. 3 and 4 show the applied strain and stress response under the
conditions corresponding to Figs. 1 and 2. respectively The sample fluid for these
measurements was polyaniline/silicone oil dispersion It is obvious from Fig 3 and 4
that the strain application and stress detection over a wide range of strain amplitude
were achieved with mu':h higher resolution than those in Fig. 1 and 2

These results indicate that the rigidity and sensitivity of the stress sensors
used in rheometers are quite important for the measurements under a variety of
conditions. Most appropriate apparatus should be used in order to obtain piecise
data according to the sample conditions. For the dynamic measurements of ER
fluids, torque sensor of rheometer should have sufficiently high modulus of elasticity
in torsion and enough resolution. Using the present torque sensor equipment, we
have succeeded in measuring the modulus and loss tangent values with high precision
even under extremely small shear distortion. All measurements in the following
sections were carried out by use of the modified rheometer.
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4. Dynamic Viscoelasticity

Stress response of the polyaniline dispersed in silicone oil was measured
under a sinusoidal strain and a constant DC voltage the storage modulus G' of the
ER fluids was estimated with the following equation.

U (7 * (4)I-*1

where Iy'l. ,'l. and h are amplitude of the strain, amplitude of the stress response,
and phase difference between stress and strain, respectively The measurements
were carried out under the strain frequency of 1Hz at room temperature The results
measured under 2kV/mm field are shown in Fig. 5

As seen in Fig 5 the measurement with the modified rheometer gave the
following features for the behavior of the ER fluid. (i) Both log G' and tan 6 are
almost constant at the amplitude range below 0 03 In this region, the mechanical
properties of the fluid is regarded as pseudo-elastic one (it) At the strain amplitude
region between 0 03 and 0 4. the log G' decreases and tan d increases with the
increase in the strain, although the changes of both values are not so drastic (iii) At
the amplitude region above 0 4. drastic changes in the log G' and tan d are observed,
the former decreases and the latter increases abruptly with the increase in the strain
This phenomenon indicates the existence of two different yield processes under a
constant DC voltage Such a behavior would correlate with the change of the cluster
structure

4 3
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F1ig. 5 Storage rnodulus and loss tangent for polyaniline dispersion,
E-'2kV/mm. C= IOwt%.
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Figs. 6 and 7 show the e&fects of field strength and particle concentration,
respectively, on the yield strain for the polyaniline dispersion. The yield strain values
determined from the plots are listed in Tables I and I1, respectively It was found that
the yield strain under small deformation (amplitude 0.01) increases wth the increase
in the strength of applied electric field, while the yield strain at amplitude around 0 4
is not so much affected by the field strength. It was also found that !he two-step yield
behavior is not observed for the samples with low particle concentration. The result
of concentration dependence indicates a structural change of The cluster bridging the
electrodes.

5. Shear Flow Experiments

In order to gain further insight into the detailed dependency of the yield
behavior on the amplitude of the deformation, shear flow experiments for the polyaniline
dispersion fluid were carried out under constant electric fields Shear deformation
was applied as triangular wave under a given constant electric field The shear strain
and stress were estimated with eqs (2) and (3)

Fig 8 exemplifies the shear stress-strain curve for the polyaniline-based ER
fluid obtained at a constant electric field of 2kV/mm under the strain amplitude of 1 5.
Drastic increase in the stress was observed immediately after the shear strain was
applied The stress increased gradually and reached a saturation value The yield
stress and yield strain were estimated from the values of inlersectionr of the straight
lines drawn in Fig 8 The yield stress values obtained from Fig 8 were 0 02 (yield 1)
and 0 62 (yield 2) The yielc strain values corresponding to the above stress were 80
Pa for yield 1 and 160 Pa for yield 2. respectively

Fig 9 shows the dependence of the stress-strain curves on the electric field
strength The voltages applied were 1, 2, and 3 kV/mm The yield behaviors were
similar, as a whole, at all field conditions examined The yield strain was found to
increase with the increase in the field strength Table Ill lists the yieid strain and yield
stress evaluated from the curves It was found that the yield strain under small
deformation (amplitude 0 02) increases with the increase in the field strength while
the strain around 0 6 does not depend on the field strength It was also found that
the yield stress increases in proportion to the square of the field strength

Fig 10 shows the concentration dependence of the stress-strain curves The
concentrations examined were 2. 5. and 10 wt% The curves indicated the two-step
yield behavior and the yield stress values were found to depend significantly on the
concentration Table IV lists the yield strain and yield stress values It is clear that
the yield strain under small shear stress is not so much affected by the concentration
of the particles, while the second yield strain increases wilh the increase in the
concentration

ao.'
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Table I Effect of field strength on yield strain, C=1Owt%

Field strength
(kV/mm) Y' Y2v

1 001 05
2 0.03 04
3 0.04 04

Table II Effect of particle concentration on yield strain, E=2kV/rnm

Concentration
(wt%) y * .

2 -- 0.3
5 0007 03

10 0.03 0.4

Table IIl Effect of field strength on yield strain and yield stress,

C= 1 Owt%.

Field strength yield 1 yield 2

(kV/mm) Y ..

1 0.01 30 063 50
2 0.02 80 062 160
3 0.04 140 064 280

Tahle IV Effect of particle concentration on yield strain and yield

stress, E=2kV/mm

Concentration yield 1 yield 2

(wt%/) Y V.' 0%, Y V.? Y.;

2 0.005 3 0.26 10
5 0.015 10 045 50

10 0.02 80 059 160
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6. Discussion

Yield behaviors of ER suspensions indicate dynamical structure change of
particle clusters. The yield behaviors of various ER suspensions were reported in
literature 7. based on both experimental and theoretical studies, and the yield strain
values were generally believed to be about 5 0% In our present expetiments. smaller
yield strain at ca.1% was obtained in addition to the larger value of ca.50% which
was in agreement with reported values. The existence of two different yield points
suggests the following yield process upon the applicar'on of the shear strain to the
suspension. The cluster partly deforms at the strain of ua.1%, at which the first yield
behavior is observed, and the resulting structure stands up to the strain of 50%.
When large strain above 50% is applied, the cluster completely breaks down and
then the suspension begins to flow.

We previously reported6 that three rheological regions were found by measuring
dynamic viscoelastic properties of cation exchange resin dispersed in silicone oil,
with various strain amplitudes. The existence of three regions were observed with a
normal rheometer. However, it is clear from the comparison of the normal and
modified rheometers that the modified rheometer used in the present study has
much higher resolution for shear stress-strain measurements, and thus, the present
results should be more reliable.
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Recent studies with direct observation of clusters have demonstrated three-
dimensionally aggregated structure. For example, Klingenberg and Zukoski observed
silica particles dispersed in corn oil, and clarified the dynamic change of cluster
structures under shear strain0 . The two-step yield phenomenon observed here would
be related to such a complicatea three-dimensional structure of the particles.

7. Conclusion

The yield stress for polyaniline-based ER suspension was precisely estimated
with a modified Couette type rheometer. The measurements provided information on
the detailed dependency of the yield stress upon the applied shear strain with the
amplitude resolution of 0.1%. Two-step yield behavior was observed at the strain
amplitude of ca.1% and ca.50% for the ER suspensions. The present results indicate
that the clusters in ER suspensions deform much smaller strain amplitude than
those reported in literature. As the yield behavior reflects the dynamic change in the
cluster structure induced by the shear strain, the clusters are considered to have two
drastic structural changes under shear strain.
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ABSTRACT

Clectrorlieulogical suspensions typically contain particles of approximately one
/,in in diamneter. Thus light-scattering offers a natuiral meothod of probing the mii-
crostructure of these Suspensions. We report the development of an index matched
single-scattering fli~d, as well as lighit-scattering stud~ies of this fluid in both a (jui-

escetit and shecared regimte. in the first case, the results are in agreemtent withi a
jiliettotitenological theory of coarsening lbnsed on thermal fluctuationis. Ini the second
case., thley agrece withi an "independent, droplet," model of Ithe suispenisioni structure
1tinder shear.-

1. Introduction

lit unravel Iintg the im icrostrucet.ure of electroI wvtological (;Flt ) Suspension s, light.
scattcering is potentitally a very useful tool. Titis is (due to) t.w liapl)y accidentt that
1i n, typIical size otf tho Su spllend(edl particles inl such a fluid( is comiparable to the
wavlwength of light.1 Thlus shigle-scat~torirtg of light fromt an ER suspension will
yieIld lirnect and easily jinterpretabled ill forn liat. i( 11a)Oult- i Is Str Uct. tir, u10 icr any flow

Unfortunately, tino.t commutercial and exp~erimniitatl ER tltuids have pairticles with1
dlielectric constatnis at ofptical frequencies significantly dhifferentt front the mirround-
huig liquid. Thuts th1ese fluids are inl a m~ultilple-scatteriflg tegimle lbr light.. This
proptIerty has' been used by Ginder and Elie.2 to extract structural inforination, but,
t he potential of multiple-scattering techniques i limited by (hitfijulties of interlpre-
tationl.
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For this reason, we developed a model ER fluid with particles whose index of
refruction was closely matched to that of the surrounding liquid. 3 While probably
not useful for applications, this fluid is an excellent laboratory for the study of ER
fluid microstructure.

So far we have addressed two physical questions with this fluid. The first; is the
nature of the solidification transition of an ER suspension when a field is applied.
Since the original observations of Winslow, many observers have noted the appear-
ance of fibrous structures, often one particle thick, parallel to the applied field. 1'4
However, recent theories predict that the ultimate high-field state of an ER suspen-
sion will be a phase separated solid, rather than a set of widely dispersed fibers or
particle chains.5,6 Our results bridge this apparent contradiction by showing that,
while it is true thlt the original state of the ER fluid after the application of a
iield consists of thin chain,, of particles aligned with the field, these fibers slowly
drift together in the direction transverse to the field, forming columns of larger and
larger diameter. The end product of this process will clearly be the phase-separated
colloidal solid beloved of theorists. A phenomenological theory based upon the idea
that the thermal fluctuations of the chains catalyze tli,,. "coarsening" process ac-
counts well for the quantitative details of this process.3,7.

In a shear flow, there are two competing models of the, microstructure. Klingen-
berg and Zukoski accounted for the Bingham plastic response of the suspensions by
postulating (and observing) that boundary layers of ER ordering formed near the
electrodes, which were melted some way into the fluid by tile shear flow.8 Halsey,
Martin, and Adolf have proposed a different mechanism, in which the electrodes
play no special role, but "droplets" of condensed partcles form throughout the
fluid. 9 'rhe size of these droplets is then fixed by a balance between electrical and
hydrodynarnical forces. We have s,udied the microstructurc in the interior of a
sheared ER fluid, and have found evidence for tihe existý!uce of such droplets, and
of such a balance. Of course, this does not. exclude the possibility that Klingenberg-
Zukoski boundary layers may form closer to the electrodes.

In this chapter we will first report details of the synthesis of our model fluid.
We will then report our experimental results in the two areas mentioned above, and
briefly compare them with theory.

2. Sample Preparation

The colloids in our model fluid are synthesized by the base-catalyzed nucle-
ation and growth of monodisperse silica spheres from tetracthmoxysilicon. To reduce
the Keesom interactions that lead to aggregation, this synthesis was conducted in
nmixed organic solvents that index-match the growing spheres. Scanning electron
microscopy and elastic and quasielastic light scattering measurements indicate that
0.7 Ijm diameter silica spheres are easily formed at high silica concentrations under
mild hydrolysis with 0.5M NH 4 OH. The elastic light scattering data are consis-
tent with a Gaussian sphere radius rd distribution having 0r,/7'd of 10.5%. The
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hydrophilic silica spheres were then coated with the organol)Iilic silkinc coupling
agent. 3-,trrnlet~hoxysulyl' propyl 11ethlacrylato via a condensation reaction.1 ) After
a 24-hour vacuumn distillation of water andl auinon~ia, the spheres were centrifugedI
at low acceleration,, the supernatant decanted, and the soft colloidal solid was redis-
persed in 4-niethylcyclohexanol, again chosen to closely index Ymatch the spheres.
'Flue two samlples used in this study mneasure 20 wt % and 34 wt % by thermial
gravinietric analysis, although the high concentration sample was diluted to I1I wt,
% for the kinetics studie-s. The refractive index incremient of dn/de 0.0017 lnlI'g
is small enlough to insure single scattering fronx conceit~rated dispersions; indeed,
depolarization of the scattered light was negligible.

To mneasure the surface charge of the colloids, electrophorusis xuueasurvineilts
were mnade with a Pern Kenw Laser ZecFAW apparatus. Since we were uinable. to
observe any electrolplloresi3i with this apparatuls we simiply applied a 1 V/xnin elec-
tric fie1(1 to the particles and observed their behavior through a Nikonl Microphot.-
FXA7 'Al optical microscope. Even at these high electric fields we were unable to
observe electrophioresis of these particles, although at high applied frequenacies field-
induced p~article chaining was observed and was found to be reversible by B~rownianu
mo1tionI alone.

3. Quiescent Fluid Studies

3.1 L'xpertmental Results

Representative scattering dlata taken aft,ýr anl electric field quench, shownl in
Figure 1, clearly indicate an unstable concentration fluctuation orthlogonal to the
electric field lines in the fluid. This corresponds to the formation of' chains of
particlus p~arallel to the field. This scattering pattern dissipates inunediately wlh'n
the field is turned off, indicating that structure formation is perfectly reversible inl
this fluid.

Figure 1. The scattered intensity from an electrorhepological fluid shortly after hec
application of aL strong electric field. The lobes appear ait scattering wavevectors
orthogonal to the electric field, inidicating the appearance of chtuiso of particles
parallel to the electric field.
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The evolution of the scattering intensity, or structure factor, in the direction
perpendicular to the field is shown in tih inset to Figure 2. This corresponds to a
slice through tile lobe shown hi Figure 1. It is clear thal, aks time progresses, tile
peak increases in intensity ard moves to smaller values of wave-vector q1 in the
direction perpendicular to the field. This corresponds to the slow agglomeration
of chains into columns. By dividing the intensity by the peak intensity Iax, and
dividing the scattering wave vector by the, peak wave vector q.L,71,(LY, we are able to
demonstrate that the evolving struct.urcs scale, as evinced by the data collapse in
Figure 2.

1.2
1.0 slope=-3

0.8-

.046
V

0.2- 1 2 3 4 i 3

0.5 1.0 1.5 2.0
q/q Max

Figure 2. The inset shows intensity slices through one lobe of the scattering pattern
in Figure I for various times. As time increases the peak intensity incremses and
in'.es to larger length scales (sunalier q), corresponding to the agglomeration of
chains of particles into columns. When the intensity data are plotted on dimen-

sionless aes a master curve results, indicating scaldng. On the high-q side of the

lelUk tile data faill off iw q-3, which indicates that the column surfaces are sharp.

,k,-"
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Thiese scattering dlata have a high-q shoulder that decays ats q-3, This is Porodl's
law ill two dlimensions, andl indicates that the structures have sharp, noii-fractal
inter~ifaces in the direction pe~rpenidicular to the field. 1 This is conisistenit with the
picture that the agglomerating chains formi compact, columns. Finally, at log - log
hplot shows that 1711, (y imx which suggests tha within experimental error the
.cat-tering intensity I(qj , t) obeys

with d = 2, corrsspoiidling to the essentially t~wo-dimenesionial nature of the coars-
c~iting hprocws,

It. remiainis to discusýs thie behavior of qi,ziiax(t). Ili ordeI(r to reduce the noise ili
the signal, we used the miomnents

Ik (q 7, ) -, [" ci&I(qdq (2)

Iii practice, thie lower initegrationi limjit qj ().3j3 x l)-11,11- 1 is dhetermiinedl by the
Size oft the heai ii stop, whiiile the uippemr limiit q1,1 0.529 x 10-211 -n t is set by thle
camera positioni. The wave vector of pe(ak in tenisi ty can i lw he~ ohbtain ed frntii the
ratio of 11 t-o 10.

The time dependence of dhe characteristic length scale (or inter-coitimiii spachimg)
h~)=27r/q_± ,,,,(t) is shownii i Figure 3 for peak to peak voltages of 0.56 kV/niiii,

1.25 kV/nonii, and 2.6 kV/nii At. the earliest tnies, the characteristic length is
i?(0) q,1 .9jaii. At latter tim~es, 1?(t) is observed to increase app)roximiately as tO.42.
LIn the spimiodlaf decomipositioni of systemis With at "Conserved ordher p~arameter",
such ats binary alloys, there is typically aii intermediate timel regimec ("Lifshitz-
Slyozov ripenling" ) in which a characteristic length scale of the structure increases
as tli/112 Thuis, the ER fluidl coarsening is ario italously fast by comlparisomn with
ordlinary slpinodal decomposition; presumably this is at reflection, iii somle way, of
the importance of long-ranged forces in this system.

lloxvevý-r, we cannot account for this coarsening by postulating soini simple
'Rechianisis of dipolar interaction between adjacent chains or columins. Any such
nmechianismn will involve forces oý E 2 acting on particles which feel I viscous dirag (X
lio where p() is the dhispersing fluid viscosity. This latter assumies (reasonably) that
the hydrodynamnics of 1'article motion is in the low-Reynolds number limjit. Thus
we expect, that the characteristic thinc scale t, for e.lecutrostatic:ally-driveni coarsening
would he t, (X pof/E 2. However, it is clear from Figure 3 that in our experniments,
tr depends umuch more weakly upon E; our actual result. for the three electric fields

a-a
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*2.50 0I
* 1.25 kV
I 0.56 kV

•' !~ A,••f•• ,, , .
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Figure 3. Tire distanJce hetwvmn columns in IL qu.es'ent fluid in.rewas q.9 fl(t)

A.(O) I- (t/t,)'40 21. The inset shows the incr(•,e of the growth rate t, ' with electric
field. The fta:t thairtl 1- is not o( H' illmplies thlt the coarselking is not driven simply
by dipolar forces.

used is t, o( E-0"6. Thus, from dimncasional analysis alone, we conclude that some
other energy scale must be involved in determining the coarsening process.

Since the initial structure formation parallel to the electric field does occur on
a tinme scale t, c p/o0E 2, as demonstrated, eg., by Ginder and Elie, 2 this implib
that the structure formation parallel and perpendicular to the field are driven by
different mechanisms on different time scales, the latter being a much slower process,

This two-step process of structure formation was first predicted by Halsey and
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Toor.5 On a time scale determined by ta, chains or columns of particles, whose
diameter at high fields will be at. most a few particles, will form parallel to the field.
At high fields, this initial aggregation phase should be dominated by the ballistic
motion of particles ivto these chain-like aggregates; the aggregates will remain one-
dimensional due to their tendency to aggregate predonuantly at their ends. The
one-dimcnisional structures obtained are not the true ground state of the suspension.
However, the further relaxation of these chains by motion perpendicular to the
field into columnar structures is not driven by the simple eectrostatic attraction of
parallel cha-ins, ms this attraction is quite short-ranged.

3.2 Theovetical Results

We lhve prol)osed that the mechanism by which the chains move together is
related to the thermal fluct;uations of tihe internal configuration of a chain. 13 'the
importance of thermal, or Brownian effects, in ER fluids is generally expressed by
a dimensionless group A, which is defined as 14

7rCES~(I3E)
2 ,3

A kT ' (3)

where (" is the dispersing fluid dielectric constant., f3 is the particle polarizability,
k13 is Boltzmann's constant, and T is the temperature. Typically, experiments on
ER effects, including ours, have been conducted at quite high values of A - 104-5.
Thus the proposition that thermal effects might be important, in this regime where
polarization energies are very much larger than kBT, is quite counter-intuitive.
However, because the interactions between perfect, zero-temperature chains are
negligible if they are separated by distances greater than the intra-chain distance
between particles, any long-ranged force arising from thermal effects, even if quite
weak, might be significant in the long-.time behavior of these suspensions.

In calculating the effect of the therimal fluctuations on the positions of particles
in the chains, two possible assumptions are possible regarding the relevant time
scales. The time scale over which thermal fluctuations relax defines tf, which may
be larger or smaller than the typical transverse coarsening (column formation) time
tc. If tf << to, then the fluctuations of parallel chirns give rise to an interaction of
Van der Waals form,

F(p) = -A-"TrLp0  (4)

where F(p) is the free energy of interaction of two parallel chains of length L,
separated by a distance p, and A is a (large) numerical constant. For typical ER
fluids, this attractive interaction would lead to coarsening with a time scale te -• 100
Sec,

!
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Oin thle other hand, if tf >~ te, then a miuchi stronger initeractioni between chains
re-sults, A simple scaling estimiate yields

whIic d l1 1e.termi1ines hlow te I ccoarsen in ~iif;tin e depcends bothI on t Ije deve lo pinig (I istai tIIce
tbetweeIICiti (laiS (or)I COlUiiins) ii(t), ats well its its (dependience oi thle electric field
thI roughi A. The coarsening predicted by Eq. (3i) is ini fairly good agreemenit. w ith ouir
exp~erimneit~al resiilts, as it predict~s that 1?(t) (x 15/0 and I, (X E-4/5 , coimpared to
experiiieintal exponents of 0.42 and -0.6, respectively. However, hil the absctice of at
conivincing microscopic derivationl Of tf, the fluctuation approach muinit. be regardled
its only pheinomenological.

T his approach iaccout its at. least, qu alitatively for the depeind en ce of columni
formation onl colloidh v(iuinie fractionl 0, We ob~served thalit. tOw0 inIit~ialh le.Igt. 1 sc ale
R(O) decreased With inLcreitsilig concentration, but the growth rate iitreraci. Thius

is resoxiable lbecause we vxpIect. that I?(t)) OC d~ i all iliiitial array of parallel
chains, and closer chaims will feel at greater fluctuation-induced itt~raction, a1nd thlus
coarsen iinto columns more quickly.

4. Steady Shear Studies

Our interest. in shear stenis fromt seine unusual results we reported for the shear
thinninlg viscosity of oor mlodel ER fluid.0~ In particular, we found that. when the
sacar rate 'ý was iiicreased, the suspension viscosity decreased ats p.q C( with
A -ý2/3, at. leaLst at lowier applied tields. Although qualitatively sinmilar to the miuch
observed "Binghiai p~lastic" behavior, this fxohavior is quite dlifferenit. in (detail from
that, of it Binighiam plastic.

TO See this, conisider the shear stress 7-,y. In the Binghami plastic model,
-rajizo,,y, where -r is the yield stress and pý is the inifinite shear rate viscosity. Thus
the B~inghamn plastic has a constant differeiitial viscosity &Xjjl/dý = jico. However,

our results showed a (difereatial viscosit~y dT3zy/dy cc ýIy which went t~o Zero at
low shear rates.

[ll c l tahorni.ltoll w ithi D. Ad(oll, we proposed a imiodel for this behavior, the
"inda ependent dIrop ilet." miodel, in 1ef. 9. Tb is iiod(1l is msed 111upon an aIIUays i,'
of' thle responseý of i hinlivhidual cond~ensed droplet of dielectric particles tUn thme
combinied effect of 11.i1 electric field andI a h yd(rodyn amicr flowv. Thiis droplet sh ould
he imiagined to conasist of a large number of individual colloidal pnarticles, condcenisedl
lnto soine orderedi structure.

Suppose that thle vorticity of' tile hydrorlynamical flow is p~erp~enidicular to the

electric field. Then a droplet of particles elonigatedl in the field direction will feel a
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tittple, Which will tend to rotate it in thc samte sense its the hydrodyniatini voiticit~y,
However, once the long axis of such a droplet is rotated away fromt the electric field
dfirectiont, it feels a restor ing torque due to thc electric field. If one restricts eecsoelf to
ellipsoidal droplets, both the electrical and the hydrodynamnical torques are- knownt
exactly. For at prolate spheroidal droplct. of minior radius b and major radhis v, thev
h~ydrodynamnical torque L obeys1 5

(2

where V is th lidIroplet. Volt ume. 'The electrical t-orqji e is gi vel Iby at statil Iar I 601t11t1tla
Wh ich (leplietiiI upol the Ielpoliir izatlioti factors of the oi li lipsiid *iý

No te that we itmpli ci thy assume t that the polarizatiot of theit inldiv iddild hartve
is always parallel to the 6 teal electric field, so that the elect. rical ti i(j it arises fit till

t(lie intteraction an tot ug th e dif[feretit p articles ill the drop let. Thi s is ill ciitimt, it-t.Lot

the Work of l(II ci up17 wi i, stulbd indiIiiiiividual tarticles whou se p ilatizti ittio lagged
lie locAl electric f ied ill titie b y settle pilmo~; ths I p(S art i cles catl iittlixibliite '1t

elee trorheologictil effect. w itlItout. the nleeti for signlificant. into r-] ar tic Ii i lilarilclii his.

For anky part ico lar d~o jlet, th1e at ullyl fl t.f Itat t.le Irt plet, axiS iitakes wvith th
ele~rct fe ieldI diirection catl be ('alcitlated nIt, a futtth t io of 0he M teitt itt iii il tn mi t=

(dpyy/ ~~ .. (ib 2 It li i i tiitt, is a1 ftiliciit I of the wa. l t ot.ra. io ofI11t lti the rolt.,

tile ratiio of th e large ia Iiis cto the st all tie Iius b. TIe toestut. is

0 -Mul(c/b) 2  (7)

so that longer dfroplets tant rti ated by it larger anigle away froi the t lie oih d Ii roe-
tiou . Int so do(,i tg, they lose titticht of thteit faviorable dep(0 i larizathiti e Ic rcgy. Thui s

ahy drody nluiical flow field will tenid to redu tce the size oif' sir ti litrs itn an PR
Suspetnsiotn.

At t actialt~ su spenttsioni will, of ct iirse, con sist. of man~ty stich dtioplets, whiich will
co~llidec w itfi oi ic attet. hr ms~ well is break ii1) underi'tt~ thei hifhittttee of' th flo1 w . O ilc
ini gf t, thui s expect thl at, the t~y1i~iii size oA t Iroit ,i ll~t itt fitw iWill be SOt. I)1Vi li
i tiaxittntii stable size of' a droplet. 1 eciiluse droplets 1)1 lt w thtis size( Wh icli co ll6ide
will teilil to aggregate, While dropjlets abot~ve thliis size will b reak up. Thoiee ate two
soiurces iif piolarizatioit entergy for' a droplet.. The first is the depof larizatiot iietirgy
at LI t cqui fibriu itnaiglu c,L:e; i leterta ii ted by the twit comptie1 tinig toi rquies itientit otiit(
above. The secontd tfoect. is the surface energy iif a ilti q A,.,_ 1 8 13,tlat cii ig t.h ese two
effects, otie finds that

C CK Mu1 1S

b ix Mn -2/3)
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F'igure 4. The scattering pattern of It sheared flu id I-- rotilted with reap'ct to that
of' a jpiieent ii uhf (Figure 1). Til thi a ei~, thle shellu laite ý 1 .048- '. There 18
mhio it imich ntrongier intenstity i. i, the origiin, where the sctttterhig wuve-vector 61
Hiattl. tOan fur the quiLr'-W fluid.

which SCtS lt1W length 31L dJtll Of droplets. Tlhis impllies that 0 is given. by

0 cc m M 1
/ 3  (9)

and tihat the macroscopic susjpetsion viscosity scatles Its

P., 0c Mn--2 /3  (0

Sinice Ma cx 'y, tins result is iln agreeenl~t With thle low-field CXpCruiten~jtAl J'k..iolt.
mentltion~ed a~bove.

InI our light-scattering studlies, we first applied anl electric field to at quiescent
fluid. When it steady shear was then alpphe( to thle samiple, the scattering pattern
rot ated ill thle dIirectioni of thet vorticity andt thle 11aii O.XImn intenlsity of the s-cattering
lobes m inovedI to q = 0, asi shown iii IPigure 'I. Alter it brief p eriod th le scattering
initensit~y noi longer chiange(1 with timle.

These results call bc interpreted in ternis of the existncilc oIf some1 siort. of rotated(
strunctures in the fluid, b)e they drop~lets or un- fragmoexitec colulmin s. To Ipro(cced filr--
ti ir, we an alyi,.e the angular dlistribut ionI of dw'. scatterinig pattern, willm inl particular
the angle of its niaximuinl jaV Its al func(tion Of ý, It is naitural to0 ileit~ify this
anguilar 11a1xi1mum position with 0 fromt Eq. (7), thle angle a dfroplet ma~kesH to the
electric field.

To determinej ic ja, we first d ividled at tinie-averaged scat-teri iu. Iimage hix o 360
wedges, each suhtuni ng 10 Oif arc. We th en integrated tile total intensity ill each
wedge, and plIotted thle result versus angle. The mnaxinmumn of such it plot deter mines
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Figutre 5 copae OwI~l~t riesuMl~t. of th10 is ot((IIIu hi it ;L quieSCI'I1i. fhijil With thlatlfor it

flidii sheatred at a rate of ( = 1.04s I. 'IIl a siieaued restult, is cotnshiderably broade ir,
bill tIWVHt. Iý llvr~lIM, 4ii aelely idVtiettiiillbIC peak.

Tl'l deeiittiitiitct if' o~ilt. ii is Shownt ill liguri' G. Thes lewst. squaemltitsi t() lii

t-XhliititIlt. gives

Umaa x 0( b 0.326 (1)
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ill supe)rb iigroeinei t with1 thle pied iction 1 hý 1 / from Eq. (1 0). N eue th at. if t.he
iSx-uc tiir(es dlid Fot fragmenti witi 1 i increising slivar rate, Eq . (8) woulId predc I =et 1

Whi ch is certaiu ly exci(ludd. Our resui.ts thus vi veidly (ieiionstra.r Ol te fragi 1(1 tat. 11(1

of Ul dropl1(1 )ets5 wL; tihear ~il rate is ii lemciL'(5 and prolvide inidep)endenet confirmationll I i

for the ilildcil)(iI1dit. dIroplet. i1iodicI

5. Coniclusions

Hit fluid regitlie. III eiehi ciisv, hit'c dipolar~i iiitera' lisi~i of' till( Jart-icit's give rise

to novl phyits('ics oleI ~iii l'XInt'riiii('lenth isiiscales ber div polem ot thr1ed col-CSt~l)Ih

150

E

00/

0 0. 0. 0. 0. 1.
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oiil- 6. T e/1LiI111(ft11 iill p te l ilFg e 5 ..
5o-l, th/hm 1t 13 Ilvlnuiyofti lti to gvimc o i
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(lhel(itutgiciat l thsole oflthe fidiitMtis loi~tlrC. in. genci wtI ih-s:1trn

6. Acknowledgements

Tho l wo rk ii istiisseti ill thiiis cii i4 i (' W~L it rs il(I ill ct dhdi wiit.iini w it,1 i .
Adiill, .1. ()diiwk, minl WV. 11)01. T.( II. is gat~tefitl tii thu Nainionai S. ionceFuna
tionlii tb' O tle Sppottt oh this ii'seariiii t hritgi the P~resideteii al Yountg hitvi.t igatits

jil-4gt';Uhi, giraiit I)N 1-91157156. Avknoimi wthgeiniiii is inkde to I lie I)' ts s of [I'll['
I'V R)1(41111 RC0.1 Ch'utl l'Nliii, adminilixt t'i'('l b)y tb Ameroicantiu Cheicaluuu Sllljt't I',()[- It(.i
parut ~ita Xijiiti't { ill t his re'(l5('ii''i. 'Phw work ohl' I.E.1 MI -t' w ii't'h prri'ttt at Sandiati Nat-
hoiiai Ltlouiitiiivii's andh wats suppiijilt''d by thle U.S. lDepalsur iiii ()I Pl'.iergy1  itii

Countraci~t No. EI)-ACi14-76I)1t01)79.

Referenes

1. A.P. (:ast. hul~l C.F. Atukoski, Ado. C'olloid lutl'tfacel Sti. 30 (19)89) 1 53.

wlCI Flouidsi (td. It. 'lati ( Woild Mdciii iiie, Simugtipaore 19)92).

3t. J.h.. Marinii, J1. (hiinek, I.C. Iladst'y, I'It/.'. IRevI. Ldtf. 69 (19912) 152.1.

5. 'l.C. llalst'y andl W. 'hini, Phos.Ris. Left. 65 (19901) 2821).

6. Hi. '['i)antidl .I.Min. Sill hys. Rev. bll'. 67 (1991) 398; I1Iiys. Rev. A A44

t'i*v. 11. Tao,~ Phys Henu~Ut. Le'tt. 68 (1992) 2555.

7. 'i.( . lailsty aonl W.H. hotr i.J. Shita. Phijs, 61 (1990) 1257T W.1. ITitit' .1.
(Coll. hIvtifa'e Sit. 153 (1993) 3:15

H. 1)1. Klitgigt'mhrg anod C.F. Ziukoski, Lamn qmto 6 (19901) iM.

.1).( T.C lalst-Y, .)..1 Nlart~imi, 1). Adtilh, iPhlys. Rev. e4ft. 68 (11992) 1-51i9: and

lKhitsiti. uiin S.A. Dvtiimcltiuk, hiit .1. Mutdiuphas'i Ilowt, 12 (1986) 9:35.

10t. Al t . Piihilipse iiil A. Viij, .1. (Coll. Iuttcetftwe S'ci. 128 (P197) 121.

11. (.. IPtroti. Kollm.d-Z. 124 (1951) 8:3; 125 (1952) 51, 109.

I12. i'.NI LiIsI iitz aid itL .P . I'i t.aivs k i IPhyij'cal Kind ht'. (I Nrgto iso Press, New Yor\tik,
11 .4:1328.



128

13. For a review, see T. C. Halsey, Science 258 (1992) 713.

1,4. P.M. Adriani and A.P. Gast, P"hys. Fluids 31 (1988) 2757.

15. G.B. Jeffery, Proc. Roy. Soc. (London) A102 (1922) 161.

16. L.D. Landau, E.M. Lifshitz, and L.P. Pitaevski, Electrodynamics of Continuous
Media, 2nd ed. (Pergamon Press, New York, 1984) p. 42.

17. j. Hcmtp, Proc. R. Soc. Lond. A434 (1991) 297.

18. W.R. Toor and T.C. Halsey, Phys. Rev. A45 (1992) 8617.



129

Simulation of Solid Structure Formation in an Electrorheological Fluid
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ABSTRACT

The temporal evolution of three-diineusional structure in all electrorheological
(ER) fluid is examined by a computer simulation. A parameter B characterizing
the ratio of the Brownian force to the dipolar force is introduced. For a wide range
of 13, the Elt fluid has a rapid chain formation followed by aggregation of Chains to
form thick columns, which has a body-centered tetragonal (bct) lattict structure.
The Peierls-Landau instability of single chains helps formation of thick columnus.
If B is very small, the ER system will be trapped in some local energy-nininiumn
state.

1. Introduction

Electrorheological (ER) fluids, often referred to as smart fluids, have a wide
vaxiety of applications in industries and technologies. A typical ER fluid consists
of a suspensions of fine dielectric particles in a liquid of low dielectric constant.,-3

Its effective viscosity increases dramatically if an electric field is applied, and when
the field exceeds a critical value, the ER fluid turns into a solid whose shear stress
continues to increase as the field is further strengthened. These phenomena occur
in milliseconds and are reversible.

The structure is fundamental in understanding the physical mechanism and
properties of ER fluids. Experiments indicate that upon application of electric
field, dielectric particles in ER fluids rapidly form chains which then aggregate
to form thick columns between two electrodes. 4-' A theoretical prediction' of a
body-centered tetragonal (bet) lattice as the ground state of the thick coluinns has
recently been verified by experiments 4 .

The issue of dynamics of structure formation in ER fluids is under extensive
investigation. The interest in the issue has further been enhanced, since Kamien
and Nelson recently pointed out that the phase transition in ER fluids is related
to the physics of directed polymer melts and quantum mechanics of bosons in 2+1
dimensions.9-1

Two-dimensional (2-D) computer simulations were first employed to investigate
the issue. The results of 2-D simulations can be sumnnarized as follows. If thermal
fluctuations in ER fluids are ignored, 2-D simulations found separated single-chain
structures.12 If the thermal fluctuations are included in tile simulatious, triaigular
lattice, the only close-packed structure in two dimensions, is indeed found to be
the ER structure (see Fig. 1).1a The extrapolation of results in two dimensions
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to three-dimensional (3-D) systems, however, is hindered not only by the obvious
difficulty, but also by the singular nature of the Coulomb potential.

Se4*

Fig.1 The close-packed triangular lattice is the ER structure found in 2-D simulations if the
Jhermal fluctuations are included.

There have been a couple of 3-D simulations of ER fluids reported. Whittle 14

and Molrone' 5 only examined the initial aggregation process in their 3-D siniu-
lations peripherally. The simulations by Bonnecaze and Brady"6 include the full
hydrodynamics and electrostatics, but a,-e performed at zero temperature, thus do
not give information on the structure formed. Recently, Hass reported that a regular
lattice was not formed in his 3-D simulation.' 7 However, his simulation ignores the
thermal fluctuations and the effect of two electrodes whidc have been both proved
to be important in formation of thick columns.

To clarify the issue, we consider a monodisperse suspension of spherical dielectric
particles in a nonconducting liquid, The particles have diameter a and dielectric
constant CP*. The liquid has dielectric constant ff and viscosity •i. The system is
confined between two parallel electrodes which are denoted as planes z = 0 and
z = L. When there is no voltage applied, the particles are randomly distributed
throughofit the fluid. In anl electric field, each particle obtains an induced dipole

nmoment, p = a-ef(o/ 2 )3 E1o where a = (tP - ff)/(ep + 2 ef) and Elo is the local

field. As did in other simulations12-13, 17, we take the dipolar approximation. The
role of higher order multipoles will be discussed at the end of the paper. The Eli
solid structure is (h.termined by the dipolar interactions, viscous drag forces, and
Brownian motions.

We have found that the thermal motion plays a very important role in the struc-
ture formation of ER fluids. Though the ratio of the dipolar energy to the thermal
energy is very high for a typical ER fluid, (p2 /efa3 )/kBT - 106, the thermal energy
cannot be ignored. Because of the Peierls-Landau instability of one-dimensional
solid 7 , there is another important quantity, a ratio of the thermal energy to the
lowest phonon excitation energy of a single chain, kj)T/(hc/2L) - 10' where c is
the sound velocity in the ER fluid. Therefore, the thermal energy is more than
sufficient in creating thermal vibrations of the single chains which accelerate the
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aggregation process. We will introduce a paramneter, B, characterizing tihe ratio of
the dipolar force to the Brownian force. Our siomlation finds that for a wide range
of B, with tile help of the Brownian force, the ER fluid evolves into thick columns
which has the bet lattice structure. When B is very small, the ER system is unable
to get out from some trapped local energy mininmum state to approach the ground
state.17 The structure at very small B may be related to directed iolyiners.- 11

When B is too big, therimal vibiationis prevent the system from formation of stable
solid structure.

2. Computer Simulations

The motion of the i'th particle is described by a Langevin Equation

F, - 3iraqi + R,(0) (I)
dt2  dt

where F, is the electric force acting oni the particle and -3r, av, is the Stokes' drag
force. In Eq.(1), we includc a raindoim Browni;m force R,(1), representing the net
elfect of collisions of solvent molecules onl the part;hi. II the preyvious simulatio I7,
R,(t) wags ignored.

The dipolar force acting the particle, at ri by a particle at rF is given by

fi -= jer(1 -- 3cos• 0,,) - eq silt l ,,] (2J

where ri, = r, - r, and 0 _< Oi% :_ 3 is the angle between the z direction amid the
-2

joint line of the two dipoles. We use e, as a unit Vector parallel to I alr(l eo as a
unit vector parallel to er x (e, x E11).

A dipole p inside the capacitor at r, = (a,,, 1, ) produces an iniite inmiiba'
of images at (x", y, -z,) and (x., y,, 2Lk±t, ) for k ±1, :±2...-. The interaction
forceI between a diple a andllan imiage has the satine friri as Eq.(2). Thu 0th particle
and its infinite images produce an electric force on the ith particle,

0_, ) ..3 . 1,rz ,

Kj(---)cs( -T--- 55cs--)
" - 4 [7r' (xL xL)cos(-r) cos(-L-) (3)

P3
'J~ttr, it, 5f" Zi ,sir-s-efL4 si LL

r 4 5 4 t s 7r'K j ( ) Sill( -.z ) cos( -- I L)

where P,1 = r(_X - x .)2 + (y, - p3 ), and K0 and KI are modified Bessel functions.
The force on the ith particle by its own images is in the z direction tuid denioted as
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self

i 3p( 1~~ 1 1___ (4)
S=J + -z 1 - L) (z,+ sL)4](

To simulate the hard spheres and hard walls, we introduce a short-range repulsive
force between two particles

-, 3p2er
f,'jý =3 (e4 exp[_lO0(ri/ .- 1)A (5)

and a short-range repulsion between a particle and the electrodes

fa 3p 2 ez

f =WalJ -3 C{exI)[-10O(z,/a - 0.5)] - exp[-100((L-z,)]a -0.5)]}. (6)

Now F, in Eq.(1) is given by

F, = - [f- ) + f(,P] + f,"'f + +£fwat (7)
j#'

The randoin force R1(t) has a white-noise distribution,

(R,,.) 0, (R,,(o).,,#(t)) = 67rkBT,,j3o•(6(t) (8)

where kH is Boltzmann's constant and T is the temperature. In our simulation, we
rel)lace R,(t) by R,(t, At) wihich is the average of R,(t) over a short time step At,
R1,(t,,At) = 1-Tf •R,1.o(t)dt'. R,(t, At) has a normal distributio,,

< R ,,,,(t, A j)2 > : • 9

where Q = Vd/6rkijTa??/At is the Brownian force scale.

The intrinsic time scale in Eq.(1) is to = nm/(3ira~i). We take t = tot*, F, -

Fo0 F* where FO " 3p 2 /(U 4 ), , = OR*, and r, = up• In Eq.(l). The scaling
transformation produces a new equation

ir + ir A(F, + BR*) (10)

where A - Fo/[37rao,(a/to)] and B = QI/Fo. It is clear that 1/A is related to the
Mason number, a ratio of the viscous force to the dipolar force. B is a ratio of the
Brownianl force to the dipolar force.
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Equation (10) indicates that the final structure of our system is related to
the two constants A and B. For a real ER. system, such as alumina particles in
petroleum oil, cf - 2, p -• 8, -, -- 0.2 poise, c - 10pm, and the particle mass
density p -, 3g/cm3 . At E15 = 3KV/mm and T=300 K, the ER fluid will be
solidified in experiments. Under these conditions, we estimate to _' 8.33 x 10-7 s
and A - 10-4. As At = 0.4t 0, B - 10-1, Our simulation just takes the above
values for A and B.

An adaptive step-size control for Runge-Kutta method "s is applied to integrate
the motion equation (10). We specify a criterion br'. Let the largest position change
among all particles during the time step 6t be 6r,. If br, > 6r,, in the subsequent
simulation, we reduce the timc step to 6t/d where d is a controlled constant, greate-
than one. If 67'" < 6 7', in the next step, we increase the time step to c6t where c
is also a controlled constant, greater than one. Through constailts c and d whose
selection will be specified shortly after, we control the step size in our integration.
It is also clear that 6 ', is relatively big at the initial stage and gets smaller and
smaller at the final stage. Accordingly, we will reduce 6, in the course.

Our simulation has N=122 particles in a box with L1 = Lq = 5a ard L, = 14a.
Theoretical calculation has already shown that if L, < 6o, the single-chain structure
has a lower energy than that of thick columns.' Therefore, we take a relatively big
L:. A periodic boundary condition is imposed in the x and y directions. This
corresponds to a volume fraction 5 = 0.183. At every step, we apply the following
three order parameters to characterize the structureig,

N

)= N exp(ib,'r)

where three reciprocal lattice vectors of the bet lattice b1 = (27r/u)(2e,,/V' - e,),

b2 = (27r/a)(2e',/V/6 - e.), and b3 = 4ire,/a, Among the three unit vectors, e, is
in the field direction, but. e and e' should be along the intrinsic axes of the bct
lattice. In the structure formation, the ER system may rotate around the z axis, a
phenomenon already observed in experiments. 4 Therefore, when measuring pi and
P2, we always rotate e' and e'. about the z axis to find a position which maximizes
Pt P2.

The order parameter P3 characterizes the forlmation of chains in the - direction.
The other two parameters pi and P2 characterize the structure in the x-y plane.
All these three order parameters are unity if the ER system is the ideal bet lattice,
When the dielectric particles are randomly distributed as in a liquid state, they are
all vanishing.

S... .... ..-... ..-..... .. .... ... ..... ..... .... . . -.... ..- ~,
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3. Results and Discussions

The initial state is shown in Fig.2 where the dielectric particles aruc randomly
distributed and the three order partameters are vanishling. At t = 0, a strong electric
field is turned on to reach A = 10-4 and D = 10-1 and the pa•ticles begin to move.
For the first 5000 steps, we take 6r, -= 10-3a, i -= 0.5to, c = 2 and d = 2. It
can be noticed from Fig.3 that after the first 5000 steps (about 10 milliseconds),
single chains are in shape but the lateral ordering is very weak. The structure has
p3 = 0.617, while p, = 0.32 and P2 = 0.16.

zz

14.00 014.00

0 00 1 00 O 00Q

4.60

.6 00.00
0.00

4.961

3.31 L~o 3.729.

I..66 X3.33 X 32
0.67 1.X

0.00 1.T05

Fig. 2 In the iiiitial state, dielectric par- Fig. 3 The configuration after first 5000
ticles are randornly distributed, time steps.

For the next 15000 steps, we change c to 1.1 and d to 3.0. At the wid of this
time interval, we have p3 = 0.92, but pi and p2 remain around 0.4 - 0.5. The
structure is in Fig.4. Clearly, the ordering in the field direction is allmost perfect
and the latcral ordering is building.

After 20000 steps, we reduce br, to 0.0005a and continue the simulation. The
structure obtained at 90000 steps in Fig.5 clearly shows excellent orderings both
in the field direction and in the x-y plane. Single chains have been aggregated
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into a bet lattice structure. Three order parameters are pa 0.991, P - 0.915,
and P2 = 0.850. Further tine evolution shows little improvement and the process
becomes extremely slow.

zz
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0.33 9.33
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1 " 0.49 2.63 X

0.30 1.41

Fig. 4 The coiifiguratiou after 20000 time Fig. 5 The configurationi after 90000 tuine
Steps, steps.

The projection of the 3-D structure in Fig.5 on to the x-y plane has a square
lattice on the x-y plane (Fig.6). For extmuple, the marked square has its side _

1L].3ou = 1.225a, marking an ideal bet lattice. The four chains at the corners
have 14 particles straight along the field direction. The chain at the center has 12
particles close-packed with the four neighbor chains. The structure is an ideal bet
lattice if the chain at the center does n•t have one particle missing. The thick dots
in Fig. 6 also indicate that the chains are straight in the field direction.

Fig. 7 shows the three order parameters develop with time. The formation of
single chains is rapid. In about several milliseconds, p3 reaches 0.6. After 0.4s, p3
is above 0.9. The building of lateral ordering is relatively slower than the formation
of chain. It Lakes about several seconds to have pi and P2 reached 0.8.
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Fig. 6 Projection of the configuration in Fig. 5 to the x-y plane.
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Fig. 7 The order parameters change w'th time after the electric field is applied. The time unit
is second.

We have also done some tests to verify the importance of non-equilibrium Brow-
nian force in development of ER solid structure. If we ignore the Brownian motion
completely, or let B be extremely small, such as B -, 1G-6, then the ER fluid has a
rapid chain formation followed by a kinetic trapping into a complicated structure.
After a long time, the structure has p3 stayed about 0.7 but p1 and p2 remain 0.3 or
below. In another words, the system is trapped in to a local energy-minimum state,
but cannot get out to reach the global energy-minimum state.' 7 The st~ucture in
such a case needs a further study because it may be related to directed polymers.9

When B is very big > 1, such as the case of very small dielectric particles, the ER
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system has too much vibrations which prevents from formation of a stablc structure.
However, for a quite a w~ide range of B, we find that the Ell fluid has a rapid chain
formiation, followed bý an aggregation 3f chains to form the bct lattice structure
with three order parameters close or above 0.9.

Finally, we comipare our simulation with experimconts, The rapid chain forma-
tion in our simulation takes about 10 williseconi(s or longer. This result is Consistent
with other siznuh-tions.12 However, the experiments on ER fluids, such as alumina
particles in petroleum oils, find this chain formation time is only about several mnil-
liseconlds, shorter than our result. 20 The reason for this differcnce may lie in thle
fact that we ignore the contributions from higl~er inultipoles, charges, and( currents
in ER fluids which begin to draw attention reccently. 2 i
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AB3STRACT
A contductioni model is proposuJ to uxplAin the ci ctrorlicological uttect under D.C.

or low freque'ncy A.C. fields. Firstly. an approxiatue anlysis taking into Account (tie
bulk~ coniductlion of t1w solid andJ lho non li nuar conductionl prolmurt of [i te lquid is
contirmed by experinents on lurge scale sphcerc.,. Se)Indly, the predictions are
e'xtenlded to the use of surface conduction of the xolid sptheres.

1. Introduction

In the 1940's, Winslow' working with silica in kerosenie discovered that applying a
D.C. or A.C. field of the order of I kV/mm resulted in a drastic chanlge in the
rheological properties of thle suspension :its apparent viscosity was increased by
several orders of magnitude and a transition to a "solid" phase was obtained when
applying the field to thle suspension at rest; a static yield stress was obtained, i.e. a
stress threshold at zero shear rate. These phenomena are minaifesmtadons of what is now
called the electrorhecological (ER) effect and tile suspensions exhibiting this ER effect
are named ER1 fluids2. The latter are mixtures of micrometer size particles of rather
insulating materials and dielectric in sulatting li quid s with the vol ume fraction of solid
tmaterial usually raniging, from II0 to 4t0%.

A great number of' E-R fluids3, amd p~articularly tile early studied ones. are
suspensions of tmore or- less hydtophilic particles like corn starch, silica gel, cellulose,
etc ... :water or other additives adsorbed oit or within the particles promote
dramatically thle ER effect, Unfortunately, these necessary additives make thle.
rheological behavior of these fluids much dependent onl temperature. Recently thle use
of anhydrous particles as semi-conducting polymers allows to obtaini steady rheological
behavior in a larger temperature range'. '[he main characteristics of E'R fluids-5 are the
yield stress (a few k~a), thle ratio of dynamic viscosity with and without electric field
(> 100), thle respotnse time (- ins) and fll reversibility :the fluid recovers its original

state and properties when thle electric field is removed.
Nume'rous applications of ER fluids exist and a lot of devices have beenl proposed".

Among them are electromechanical coupling devices (active damper, brake, clutch).
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hydraulic actuators (ER valve and bridge), robotic devices (compliant wrist), servo-
control systems (position, rate, force), acoustic apparatus, etc... To-day, the major
drawback of commercial ER fluids is the operating temperature range limit.

Although ER effect is presently an active field of research, the physical
mechanisms explaining the ER phenomena are not yet entirely understood 7 . Generally
the ER effect is explained by the competition between the phenomenon of electrically
induced aggregation of particles in fibers and the desaggregation due to hydrodynamic
forces. Conventional wisdom ascribes the aggregation of particles to the mismatch of
permittivities, Es (solid) and EL (liquid). As es is always larger than EL, the particle.%
attract one another and form chains, like iron filings in a magnetic field.

This cannot be the whole story. As mentioned by Filisko, titanium oxide (F/E,,=80)
appears to be very active, but becomes inert in the dry state8 . The role of water
remained for a long time a mystery; it is plausible, however, that water merely gives
the particles some sort of conductivity. Water can be dispensed with if the particle
material exhibits an intrinsic conductivity in the dry state. On the other hand, it must
be realized that most liquids, even purified hydrocarbons, are comparatively poor
insulators. Their relaxation time " (CL: conductivity) rarely exeeds 10.1 s,
while many solids can keep their charge for minutes (tcs > 102 s).

The classical condition for the field distribution not to depend on time (and,
therefore, to remain identical to that given by permittivities) is TL=ts I a condition
which is not satisfied by most ER mixtures, particularly in the absence of water. Thus,
at low or zero frequency, the field distribution and the forces must be controlled by the
conductivities of both phases.

On the basis of this fundamental fact we recall first the calculus of the attraction
force between two spherical particles as a function of both the magnitude of electric
field and the ratio of particles and carrying liquid conductivities, taking into account
the non linear conduction properties of liquids. Our model is tested on a large scale
experiment using slightly conducting polymeric spheres and controlling the liquid
conductivity. The measurements fully conf,,rm the occurrence of two regimes,
quadratic and linear, of variation of the force as a function of the field. Finally we
extend the interaction force estimation to the case of particles having only a surface
conductivity.

2. Conductive model

The mechanisms proposed until recently 9 ',0 do not satisfactorily account either for
the order of magnitude of the ER effect or for the drastic influence of added water.
When retaining only the dipolar interaction due to polarisation of particles, most
authors neglect the role of very small but non zero conductivity of dielectric materials
which are never perfectly insulating. Now the conduction effects play the major role
for D.C. and low frequency A.C. applied fields,1 1 ',2 and we proposed a new
explanation based on the conductivity of both phases controlling the field distribution and
therefore the interaction between particles"3 . We briefly recall below the main points.

- ,
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2. 1. A necessary condition of the ER ej'cr

When particles with permittivity c, and conductivity a, iinmersed in a liquid with
E, and at. are sujected to a D.C. unifoin electric field E,, they acquire a dipole
moment p determined by oy and r.L' For a sphere

p := 41teLR3Eo ("s-atL) / (Gs+2o7) (1)

The dipole moment is parallel to the field if 0s > UL and antiparallel if as < UL' In both
cases, patticles would seem to be able to attract one another and to build chains.

In the case of the prolate ellipsoid, the electric torque always tends to align the
major axis parallel to the field. Thus, attraction and orientation would seem to be
present in all cases, though weaker when a,< 0

L. This conclusion, however, is
unwarranted, for the dynamics of the system does not allow stability in the latter case.
In a nutshell, particles take a chaotic rotary motion1 4 which prevents aggregation and
alignment when the relaxation time TL of the liquid is larger than the time for the
particles to rotate by a substantial angle under the pull of the electric torque, The
condition for this may be roughly expressed by

"tL > flL/FLEo" (2)

where 11L is the dynamic viscosity of the liquid. This condition being usually satisfied
in practical settings, no ER activity is to be expecteO whenever a' < t'

2.2. Attraction force between two spheres

Let us consider two spheres of radius R of a solid material much less insulating

than the liquid (aS>c3. Each sphere roughly behaves as a conductor immersed in a
much more insulating liquid and takes the potential corresponding to the location of its
center. Between two spheres at a distance d, the order of magnitude of the field is

E - I2,,( + 2R/d) (3)

and as d tends to zero, E would increase dramatically. Indeed for high electric fields
the conductivity of non polar liquids to a rough approximation increases exponentially
with VA- 15. This field enhanced conductivity results practically in a saturation of the
field between the spheres. For two spheres in contact the field intensity is limited in
the liquid close to the contact point, where the layer of liquid is very thin.

This basic remark allows to estimate the attraction force between the two spheres.

In the case -=ao/ot? 1, the equipotential character of the sphere surface of course fails
in the contact zone and we can distinguish two regions (Fig. I-a) : for x>5 we can
state that the sphere surface is equipotential and the current escaping from the sphere is
negligible; for x < 8, the field in the liquid more or less saturates due to the enhanced
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conductivity of the thin liquid layer and the major part of the current :rosses the liquid
in this region.

With this picture, the attraction force can be easily calculated. For x>5, the
voltage is almost entirely applied to the liquid. The local field is E = U/y, where U is
the potential difference between the spheres (U = 2REo) and y is the distance between
them (Fig. 1-b). By replacing the sphere by paraboloids of same radius of curvature at
x=0, y is approximated by x2/R. The force per unit art.;. is ELE2/ 2 and in an annulus
betwen x and xA--dx, we get :

dF1 = ar LU2R2dx/x3 (4)

By integration between 8 and R one obtains (62<<R2) :

F, = (ir/2) CLU 2 (R/6)2 (5)

For x < 6 we assume the field strength to be roughly constant and equal to the value at
x =6 E6 RIP/82 . The contribution of the inner zone then writes : F2 •1 6t62 (EL/ 2 )
E612 - (,ni2) ,LU 2 (R/6) 2 and is equal to Ft. The total attraction force is :

F = F1 + F, = irELU2 (R/I6)2 = 4 tR2 ELE," (R/6) 2  (6)

The next step to derive this force i% to determine the transition radius 6.

2.3. Low applied fields

Corning back to the splitting of the sphere surface into two regions, it is clear that
only a small part of the current escapes from the sphere in the first region (x > 8), the

y

X R
xoL+ Ux

0

(a) (b)

Fig. i. Scheniatic view ot the twoi halft-sphherC. i contacit (a) sketch ol cirrent lines in both imedta

(h) detinition of notations.
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resistance offered by the liquid being much greater than that of the solid phase. Very
close to the contact point where the two spheres are tou.chin;. each other, conversely,
the resistance offered by the very thin layer of liquid (the conductivity of which can be
enhanced) is negligible compared with tile one of the solid material where the current
density has increased drastically.

The distribution of current in such a system is given by Onsager's minimum
dissipation theorem, which is the counterpart of Riemann's minimum energy theorem
for static fields. One readily sees that the conductance Cs of the sphere increases with
6, while the opposite is true for the conductance C, of the liquid. Thus, it is plausible
that dissipation is minimum when both conductances are nearly equal, and this gives an
equation for 8.

The conductance C, of the solid spheres can be approximated by assuming that the
current passes through the disks with radius 6 (see Fig. 1). Using i) the capacitance
c=865 of an conductor disk (radius 8) isolated in an infinite medium of permittivity E,
ii) the relation rc=e/as (r resistance, a conductivity) and iii) the following
approximation : two half spheres in contact are equivalent to two disks in serie (both of
them isolated in an half infinite mnedium), we obtain for the conductance C, :

C s =- 2Os6  (7)

As concerns the liquid phase, the conductance of the layer comprised between
cylinders of radii x and x+dx is

dCL = 2nol. xdx/y 2 gELR dxfx (8)

and by integrating :
CL = 2 dROL lIn(R/) (9)

This is the conductance of the part of the liquid which competes with the sphere for
carrying the current (note that tile conductance of the liquid within the 8-disk is very
large but plays no role in our picture because this part if the liquid is in series with the
sphere). Balancing both conductances C, and CL leads to thle condition :

(R/8) ln(R/6) = Il-I (10)

whict, determines 6 (J is the conductivity ratio r = (Y , ei 1 l). In the low electric
field case, R/I is a constant only depending on r. This gives the classical quadratic
behaviour for the attraction force

F - 41rR2LKj-' 12 E,, (11)

where Kv stands for [iT ln(R/8)]l. Note that Eq. (11) also predicts a quadratic

dependence on 1F.
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2.4. High applied fields

In the high fields case, there are regions in the liquid (x > 8) where the conductivity
enhancement becomes significant. The field dependence of aF is described theoretically
by Onsager's theory16 which gives for the dissociation constant Kd of a solute :

Kd(E) = Kd(0) H(E/Eo,.0 (12)

where EFons=( 8xPte)(kT/e)2 (e: electronic charge; kT: thermal energy) and the
function H expresses in term of the Bessel function J 1 16. The elementary conductance
dCL=2tRaL.(E)dx/x now involves tho field dependerit conductivity (with E - UR/x 2).
In order to get qualitative insight rathe-r than a precise quantitative description, aL(E) is
assumed to vary proportionally to the dissociation constant Kd. In order to integrate
Eq. (8) and obtain analytical expressions, it is worthwhile to use the simplified
expression :

OL.(E) = aL(O) {((-A) + A exp[(E/EE)"121} (13)

where A and E, are constants depending on the considered liquid. For instance, in the
case of a non polar liquid with eL = 2.2 E., A=0.1 and Ec=0.335 ky/mm give
values differing only by a few percent from Onsager values for E in the range 15 to 50
kV/mm 17. Substituting E by UR/x2 and integrating after a change of variable and a
further approximation finally leads to :

CL =_ 2 t1tL.5 (E,/2E 0)t12 exp[(R/I) (2Eo/Ec)"12] (14)

Stating again that 8 is determH- ialancing CL and C., one obtains the following
expression for the attract'c . ,

1-= ,. Z i. ln[(10"/7r) (2Ej/EC)1/ 2]}2  (15)

The law is now linec,: '-: -- st approximation and exhibits a very weak

dependence on F (Fý> 1).
A very simple approximate; fornrula for F can be obtained by simplifying further

the model in this case of high applied field and F',1. When F5)I the spheres are

practically equipotential and the radius 6 may he determined by the condition that for
x <6 ,, a, cy thanks to the Onsager effect. This is achieved for a local field E(x) = 30
to 40 kV/mm which we denote by Em. Inserting this condition in the expression
E(x) = UR/x 2, we obtain 82 = UR/Em and the force :

F = 2tR2C7 EoEm (16)

The tensile strength of a chain of such spheres F/itR2 = 2 tLEOEm gives values
comparable to those of ER mixtures in the gel-like state.
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3. Large scale experhnent

The interaction processes between particules have been modelled using spheres of
radius much larger than that of particles in an ER fluid. A first experiment aimed at
measuring the interaction force between a slightly conducting polymeric sphere and a
metallic plate"7 . We report here on results relative to spieme-sphere attraction.

3.1. Experimental set-up and procedure

A set-up was designed (Fig. 2) for measuring the force between two large scale
half spheres (R=0.7 cm). The test cell comprises two duralumin electrodes 9 cm in
diameter spaced by 1.4 cm. Thu planar section of the upper half sphere, solid with a
scale of the balance, has been metallized and is grounded. The planar section of the
lower half sphere, fastened to the lower electroae, is brought to potential U. The
vertical position of the cell can be adjusted by a screw. The two spheres being in
contact, the lower one is very slowly sunk until the force exerted by the balance causes
the spheres to separate : the force is thereby measured. The sensitivity of the balance is
a few l0-1 N.
The half spheres are made of polyamid having a conductivity as a 8x10°0 S/in. The
surrounding liquid is a mineral oil (Univolt 52 from ESSO) with permittivity el a 2.2
cF and conductivity CYL =_ 64101 3 S/m at low fields. Adding the petroleum antistatic
additive AOT to the oil allows aL to be increased in a controlled way.

U gr ound t7`I __ __ __ __ __

I verlical
position
control Balance

Fig. 2. Experimental set-up for the measurement of the Attraction force between two halt-bpheres.
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3. 2. Force measurements

Fig. 3 shows the attraction force F between the two half spheres as a fonction of U
for various values of the ratio F of solid and liquid conductivities. For high enough
values of F, the force is proportional to U2 for low fields and to U for strong fields.
This is in full qualitative agreement with Eqs. (11) and (15).

Fig. 4 shows the same measured force as a function of the conductivity parameter
F for different applied voltages. There appears a rather fast decrease of F when F
decreases below 10. This is consistent with the first conclus~on that the ER effect
requires as to be larger than at. A quantitative test of Eq. (11) for U = I kV and
2 kV reveals a fair agreement for F ranging from 15 to A0 (see Fig. 4). A good
agreement is also obtained between calculations from Eq. (15) and experimental results
for U = 10 kV and 20 kV (F in the range 100 to 2000). Indeed these agreements
appear surprisingly good if we remember the rough character of the estimation due to
the various assumptions and approximations.

I' =1500

130

0.1 33-
21

S 0.01 3

o.

0.001

0.0001
0.1 1 10 100

Voltage (kV)

Fig. 3. Dependence of the altraction Iorce F between spheres on the applied voltage U for various
values of thu conductivity ritio F

S. .. . . . . . . . . . ..~- - .. . . . . .. . . . . . . . .. . . . . . . . . . . _ . . . . . ., .
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U=20 k%

110 kV

0.1 '

2 kV

S 0.01 1k

0.001

0.0001

1 10 100 1000 10000

Conductivity ratio

Fig. 4. Variation of the attraction force F between spheres as a function of the conductivity ratio F
for various values of applied voltage U. Dotted curves A and B correspond to Eq. (11), and dotted
curves C and D to Eq. (15).

3.3. Correlation between force and current

The good agreement obhained between predictions and results suggests that the
basic approximations made in deriving Eqs. (6), (11) and (15) are sound. Now the
current I1 flowing through the equatorial plane sections of the spheres (1, is easily
measured) provides a mean to test these approximations further. The key variable in
the picture we propose is the radius 5 of the contact zone. Eq. (6) expresses the force
in terms oi : F 9ELU 2(RI) 2 . Another basic point was to state that the conductance
of the spheres in contact is equivalent to that ot the disks of radius 8 : C, =- 2a s5. By
definition I -= CU and eliminating 5 leads to :

F =- 4 IrEL (G5sR) 2 ""4/1 2  (17)

Fig. 5 shows the variations of F as a function of (U2/1,) for the various values of 1".
Clearly there is a universal law, the dispersion appearing rather limited when we keep
in mind the variations of F from 3 to 1500. Qualitatively the experimental results very
satisfactorily agree with the prediction of F varying as U4/1.2 (see Fig. 5).The factor of

----.-- ---
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0.1 130 0

z ~67 eD
33 , /a
21

0.01 7

3

0.001
0.1 110 100

U2/I (kV 2/nA)

Fig, 5. Corrinlation of the~ attructiun force F he-tween spheres with the VApression (Ij)2IIS). 1)(uuedx It,,'0
Tb cumTCsrmds to Eq. (17).

about 5 between predict~ons of EQ~. (17) and experimenta results can be ascribed to the
overestimate of the conductance of the two half spheres when approximiating it by the
conductance of the disks of radius 8. We can conclude that this test strongly validates
the overall picture which is the basis for the force estimation.

An irtiportant consequence of this correlation between attraction force and current
through the spheres, in D.C. fields, is that the leakage current is not a mere nuisance
but a necessary by-effect of ER activity. Indeed ER Vorces are brought forth by the veiy
strong fields prevailing near the contact points between particle,,, where the conductivity
of the liquid is very much enhanced by the Ontiagmr effect. This requi-es the p~articles to be
even inore conducting, and the chains they build are the channels of a leakage current.
Thus, current drain and heating appear to be unescapable consequences of ER activity,

More precisely, it is possible to derive a semi-quantitative relation between tensile

force and current. Assuming the simplified derivation of §2 valid for l1,we have as
tensile force for a chain F = 2itR2 LEOLM anid as radius of the contact zone
8 = (URIE 1,)"?. The current flowing through the chain is Is -- UC, 2aU8, Thus,
we obtain for the ratio Hisl

F Is (,,/2 r2 ) (EL/0S) (E,,/ 17-))' F,.(1
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Inserting E. 3 k'mmn, Em = 30 kV/mm and as 10' S/m gives F/I - 2x10 6

N/A. For a tensile strength of 2 kPa we find a current drain of 10-I A/m 2 or
0.1 4A/cin2 .

Finally, It is useful to notice that a related phenomenon has been already described
as "Johnson-Rabeck effect".IS When two nearly plane pieces of a moderately
conducting material are allowed to touch each other, a strong aitraction develops if a
voltage of a few kV is applied to them. This is due to the strong fields appearing
around the discrete contact points. Fully insulating plates give no effect, no more than
metallic ones. The actual force was found not to depend very much on the fluid filling
the gap, air or (insulating) liquid.

4. Role of surface conductivity

In numerous electrorheological fluids, the effect strongly depends on the water (or
other additives) amount adsorbed by the solid particles (this is the case for instance of
cellulosic or silica gel particles). In some cases the additive mainly concentrates on the
surface and promotes a noticeable surface conductivity. Qualitatively the surface
conductivity acts in a way quite similar to the bulk conductivity. We aim here at
deriving quantitative estimates of the attraction force resulting from the surface
conductivity of particles. We assume the spheres to be perfectly insulating in the bulk
and to have a slightly conducting surface. The spheres are characterized by the surface
conductivity ys which is the inverse of the surface resistivity Rs (measured in ohms per
square).

The force can be estimated in a way very similar to the previous case of bulk
conductivity of spheres if we can express the sphere conductance as a function of 6.
With the notations of Fig, 6 the current flowing through a sphere surface is

I = 2nr-'R E'(0) sin9 (19)

Ty

0

Iig. 6. Dcfinition of notatioms usd for calculating the attraction force btween two spheres with surface
conductivity.

-.. . - - - -... . --..... . . .. ... .... . .. .. . . . . . . . ..-- -. . ".. . .
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where E'(O) is the field component along the sphere surface. (Eq. (19) implies that
there is no current escape through) the liquid). The variation of this field is :

E'(0) = (U/R) I sin0 = E. / sin0 (20)

Integrating (19) between 0, -- 5/R and n/2 and approximating tg(61/2R) by (6/2R) give:

U-V(0O) =- RE( In[(2RI•)] (21)

with U=V(n/2)=RE0 (the contact point is at the potential V(0)=0). The conductance
ot the sphere is Cs, with : Cs = 1/[U-V(0 0 )]. Using (19) and (21) we obtain for the
conductance of the two half spheres

C, -" nry/[In(2R/6)] (22)

Balancing this conductance with the liquid conductance given by Eq. (9) leads, in the
low field case to :

ln(R/6) =_ (I-'sl2Cx)/ 2  (23)

which defines 6 (here o- = ln[2R/6j/In[R/6] and I's = ys/(RGL)). Applying Eq. (6)
finally gives the attraction force :

U = 4nR2 vL E 0,2 exp[(2F'shZx)' 2] (24)

Note that the exponential dependcnct, on Is is not really significant because Eq. (24) is
only valid for low applied fields (and low force values).

For high applied fields, t(ie field enhanced dissociation has to be taken into
account. From Eqs. (22) and (14) one obtains

R/o -a [l:,/(2EI,)'' 2 Inic F, (2J1E,) '-2 1 (25)

F - 2,cW clE,)Ec { In[c F, (2EJ, ET) 1_21 ) } (26)

with c=5I(CxJ$) and I[lIn(R/S)JI(R/6). Eqs. (24) and (26) are very similar to Eqs.
(11) and (15), both the quadratic and approximately linear dependences being again
obtained. In Eq. (26) the dependence on F, differs from the one on F in Eq. (15) by a
factor which should remain of the order of L

5. Conclusion

Measurements of the attraction force between two weakly conducting spheres
performed on a large scalc model confirm the analysis based on the picture of electric
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field and interfacial charge distributions being controlled by the conductior. properties
of both media and not by their permittivitics. Untder D.C. (and lowv frequency A.C.)
fields this has been clearly shown for non polar dielectric liquids. In this case, the
quasi-linear increase of the force for high applied fields reflects the importance of non
linear conduction processes in the liquid phase.

The analysis of the field distribution and resulting attraction force for sph.res,
characterized by onlly a surface conductivity, immersed in a non polar dielectric liquid,
leads to very 3imilar laws, quadratic and quasi linear in E,,. This shows that Jhe sphere-
sphere interaction is not very sensitive to the details of the conductiom mechanism of
tile spheres.

This conduction model has now to be tested in the conditions of :R fluids. This
implies to relate theoretically the global propertics measured on the fluid, the yield
stress for instance, to the interaction force between particles. It will presumably also be
necessary to address the question of applying or adapting the present model to the
conditions prevailing for particles of micrometer size. Nevertheless a very encouraging
indication on the pertinence of the present conduction modei was recently obtained for
a particular ElR fluid (cellulose/mineral oil). The static yield stress exhibits a quadratic
dependence on 13, at low applied fields and a ,incar onle for L,, Z- 3 kV/mll1 9

.

In codclu o'ion, it appears that linear and nlon linear conduction properties of the
suspensions must be taken into accouat in order to progress in the understanding of tile
basic mechanisms at work in ELZ 'luids.
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Fig.i. Representation of two spheres i and flow. The mayiniumi of tie re:toring force
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pcition approximation.
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I'iev~ii lit. Whrels:. Depltiii iuit. if P'hysics, t';jiiulduvell U inversi ty (if Tu-i llotogyt ().. BtOX 5 t3a
5600O M11 Liiidliuvcii, Thei Nectherlands
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.0DIM U Y1 in)t6, 43), (3)
10
m

Inl

+y- + >i ,.: r( +1) Yi4 (6 m (4;
212+ 1 I .1

j1Ž0

In

2j+1 I 1 0

m

Tile function x[fi + (p, (ri) - - Eo.Ri - EC). r, rcpresents the potential of the

external frild. The vector Ri refers the position of tihe centre of the particle i. Tile quantities Qilrn

are the mulfipole Imoments of) tile charge distrihution p(r) inside the particle i, defined in the usual

way:

Qir j (0 0) lp (r) d (5)

with Vi lhey C olIetICl the paile ide

"lhe difficulty to apply the hoandary coiditions (2) with the equttiOlnS (3) (4)

colcs fronm the part of the solution it (4) which is exprcssed relatively to the variables r, ()Oj. (i

deFined i the frame of each pmtdicl .1 (see fig I). Some previous SohltiOnlS to this problmcn havc

been worked out in specific cases. Klingenhcrg [8] has obtained a numerical solution for two

spheres hot its [ elthod was not coolpuutatitoally usable for hIligh values ol cx, ( Cx > 1() wIlhCn tihe

particles ar inlr lnear conltact Chen, Spicchcr and Conrad 191 have solved for the rildial fricc on
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a sphere included il a chain of splieres paralleld to thle direction of1m tile eld. This eaose is much cuasci

to solve due to the symmectry axis Which allows to neglect thle azinittnbal angle op.

Our aim is to extend the inultLipolar mecthud to a general con figura ti on of N

spheres, either isolated or replIicated onl a network, with the possibility to take inito account a

imultipolar degree ( indice Iiii Q l~ ) as high as IOWX without numerical problems. The method is

detailed in Clercx and flossis 1 101 and we shall only give. here thle main idea.(. First thle chanlge of

referential from particle j it) i inl (4) is obtained with thle help of 11c II obson rel ati on (see for

instance ref I II ).

Yi,(ol, (pjl -s- I il

It(s + t)! ttljst Ii r; Ysj (Oi (pi (6)

Ž0

;C S I S 4 S

lIn this. 'atitin it.,1 isý a numerical factor and

lutýst = 7

where C 1ts ain other itititecrical c~onstant 1101-) It aippoars that the use of Iq 101 Allows to expiess tile

litetii: oil themsirlface ol thle sphere i with only the vat iahbles ri. lOi. Q, relatively toi tile referential
of' the particle i. Ihc price to paiy is thle inittoductitim Of a ttew SUMolofSp~hericý1 al Itmtonics (LU1 7)

Whieh only depenids ott thle relative poSitiOtta of thle centres of the pItItICS lsI ald .1 (victor Ril
deflnted by Ri, ýii, viii in tilte framie of tle particle ii.

With tilte use of this teition iii Eq (4) it is thllei pISSINCl to multiply each side ol* 12) by

YPl(0,(i ) and to lintegrate onl the sur~face o1 thle particl L lit that1 way) be1 hotNitIdaY coitditiionS
lead toi a set of, I itear. eqtat i ris whose getneral ft rit is
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LZN1 ....... ZNNJ 8

ENV...Z N QN

w.ith every Ei (0I, E0 . C)...) and

=i (Qln I? CD. InA !ýl

replreseints thie set of tiultipitles belonlging to the particle i. lIt the following we lake Q(y) 0C no

global charge on thie paiticles; Thtus thle malrix Z, which depends only onl tie telailVe positions of

thle N part icles, hias thle dimensions L (L + 2) N xv here L is thle [;' rger- value of C used in the

Calc ulCus. I-he linear syste In is numei cril)ly solved and( we obtain tith ipro le NPol~ Ot ach particle (X
which is related to the frst muto tpole as fol lows:

ci 3 Uc (I_ 3 1c
Q0N4 Q -'I M + imy

U1 ~-3 (m( + i Mc"

Actually the linear systeto .x not soilved ittider the f'ojn presetoned inl (8.) hutl atlter we have used thle
variatbles (Acl~llu )+ and WlAl11 1  which ate tespeetive~ly proportional.

Xi(Qi + (_l)t~tQ~X n) andi (Qful - (_ )ttQ'jx - i

The plhysic al meaning of* these new vaSri ables is mote obvious, (lilt inostanice we sec tltat eachI
cotopotten t A + ill A+ I or A - 1-1 is respectivet Y proiportionail to M , M, and( My.) atttd above all

theiri use silnip Iiflbs thle nuto ecrical Calculus.

At last, before to looik at sotme results, it remains to deal wvitht lattiCcs. Ill that ealse each

cocopotteit. of thie tecitfigutation ontncr:x (E(1(8)) containts infinite sunims over. all tlte repi icates ot' thle

partlicles Contaitied itt thle utnit cell1. '111ese S1.ms.1 over thle lattice Sites j L } appearH ats
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jc L

.1;q

and are. sums over spherical harmionics d ivided by (Riils with I I and sŽI (ci' Eq. 7). Ani

efficienit way to calculate these sumls consist [to Separ-ate theml into0 tWO fast. eo ver'ginlg SUliS, tim mcill

(lhe ICal space and thle other ill thle eci procal space. The tip iiication of thms technmic -known as I w\ald

SUml- LO (Ile Solid spherfical harmonics appearing inl Eq. (7) has bee ii trwt ed by Nij hoei anld dC

Wetme. both inl thle Case of converging sumis [1 21 and conditionally converging stmis (I = 1 s =1

1131 .We rcler tile leader to thesve two papers lIm the lattice stlints of' longe ranlged inlte ractionls.

111, RESULTS FOR A FEW SPI -1191 FS

IF we want to predict. tile shealmi strcs as funcetiomn of the strain il ic tticsctnRL ol'

anl electric field we need to Specify Lthe positions,, of' [Ie sphlereCs at /ei-i deloitrination aind then we

have to do anl hypothesis on Lthe way the Csphicres arc nov in g %k; en submtiitted to anl cx tci inil stress,

The refecrnce model consi sts o01 chIains of* sumhieres whichl are alIigincd onl thc direction orlite tielId

anid then shearecd affilnc Iy , tice trajoe tory of' each speefollowing thie vclocity lines. Usino this

struc turtal model, Kf ingeamberg ct a] 1141I were able to calculate tile yield stress onl tilc basis ol' a

nu merical solution ttf a two-spheres model. Ii mdved if' we assumle titat only [lie interactionis between

two nici ghbouriimg sphteres arc imipor ttan t. thet the electrostatic testoi ing f'orce (pic ipe md icuohmr to tile

field) cancels; onl eaiclt sptere except onl tile last one Which iS suppo1sed to hle fixcd Mn 11iV tipper'

pl ane. They write for tile restoring foice I:,. (see fig- 2) ins l'it cttoit of' time angle- I

r 12 nt corin [3 I

with f1 it) [(1'// 4- tt1-) sinl 201 eos 0 - 1 sill' 0

(t + 2

The quantities i11 1 . M I 'l a1rA itte fucton tiflthe 1tortintali .ei dilsamee in/a

hetwecit tIme spimeres. andi tif' (X The restirlill, f~orce is pti mpoutoiii to thie square of' time i adills it of

ltme 1)1 iitiics anld to Ilk!NJie squa of theC electr ic fI eld, F. The .hi ieslL, SISI' ý ho V~ J11k g0e nt IS (Iism(t

ImintithiCt of t11C ilmtiher of CILIHiii peC i1lit MirfareC 11m1ipltipld by r1: (2)
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-2 2It

3

01l Codciilitive pee [llt ic'5.tt force ill Ell (9) di verges when tlie pal tcIes come

tIwo contact and thle mutltipoilar alpproach will tal li Cm=12a. In this vase the attalytical exitX siot.s~ii

Corl. '/ Il. antd 'J- have beenl cbtained by Arp and IMason 1151j followitng an analysis done by MA L
DaivisKl 161 ill bis.phe tal CklriiIIiViiitC. 1k i0tate they 0obtainl fo0r 6 =/a - 2 << I (lie follotwiing

(I8(/I 12.86,)) J

Fijor- 2 10 -4 th is exIt resSiOtt gi ves Ir11  587.42. 'I'Akittg 6M1( iiititjpolex inl out decvloptnlcilt. we

(lbuial fit =1 587.23 which is itl lair agiceincilt wil tilte value tibiai tied flowl (1I). We ha~ve also

I)ceit ahlc to extetild OIL ivcaIIitS rpr by Kliiijgcithcrg to hligher) Vajlues ofl CX stid Closet distance~s.

1101-i tiIStatLc for- (4 111IM we have a coti)verge.d Value atl Conttact :f11 (r 2) =1 82.2.

Ill O(iltiet 1i tllV the lyOtIttheis ofi atditivity ol' pail intttacraitjis which is used itt E~q.( 10)) we

htave coimitipted lthi cases of twto and threce spltiies. Thte ottletestItigI qulaniLty to ctompare with, is tile

maimi it iji ofithe estmiritg for-CC F1 IMC01 asltiiAin f defornmatiton y t 1t0, since this mlaxinjmitn

is. if][ie tc hai ii jIttidel. elated 1 toI the )C eslerititntl yield stressS till tiglt FLI (It0). Let us catll F~t3)

tile toax mumII i.lso Mgmi lijie Caciu~latedl with thle titoltipoItla alspiI0;tchi a[j)iC;licIte to .3 spherejs ittal

eXtern-1al lie It aild 1:(2 )~ thl(Ie fijice ittialijed by atddintg separately (lie initeractiont, betweci i ant I

andt lietweet i and k alone. (pallr Su~petposifiiti apptoxiimationi) Mc. F~ig. (2)). '1liesc two, tojee~s.

oibtainted to]rl ain ~tt e dele'jitationl arc plmittd IllFig. (1) Versus tile jatio i4 of, the peru! ttivit irs.. It

appears than (lie "mcx fo'*Ijrce is always larger. luatt the titte obitainied with a two buody

alihrmixittatioit. Fimi it (it tt00 ratij 1(3) 1- 2) 1, Asiot1 I1.6. ,Itlciti of t N~ a Io ~mit
Q k :,an IV Sl~itid heeLttis.'c, cccii it' tie loi~cs heCLottiC VetyIa 0 :1g, thi: ralili m 1ii1ii-

aitd seetos to cotivergc ito 1.9. This value I isto lie takenl Cautioitsly hilt 'n atlty eveiti it idicidiectte that

the twit bitdy siipcrilositioki tpplOIIIIJitoatio Strittigly u1tl]ideexittie tlhMSIe YIeld Stres.s. It is Wi~trth

ititing that [Ili.% IeSuIt IS [itl ettmmtpttely imntotv si~ %i(! weCotild eiettha~t (lie NIILtlgC[ Oli I ICi
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Insi de the gap between two sphcres the less it Will he i till occed by the presence (11' the third one.

Actually the mutual attr-aCLionl hCtWcea opposite induced charges irone ga0 ,p con ihtolucs to tcinfiohrce

the opposite charge on the opposite Pole of the centr-al particle ,which in turn will increase the

attractiont with the third particle. This important clfect of thrcee body interactions indicates th-at, inI

oicr ilt)t h ave a ici iable re ference a oddl for the stress-strain behav ior of ER of MR fluid, it is better

to work wviht in t-i iie chains of1spheres disposed on somei given lattices.

IVSIIEARED LATFICLES

Thc study of the dielectr ic pernnitti vi y of die lecitric spheres located on t lie nutdes

of a cubic lattiCe has been addressed by wcvet-,jI authors 117111811191J with differetiia eithudLs.

We hlaveL tested our. Iioltipoklni mlethod agaitiSt the avalihible reCSults and fotitid a

good agreement 1 101 . The CaICic lus of the effectLive Per~mittivity of a rcgtiat arr-ange iiCiii of sphere-s

is not only imoportaint for t:ie determittination of thie electrical properitils of the toatcial hut also for

thte deteriminationi of its mcCLIlanic al Properties. Actually due to thie Inversion symtimetry. the force

on each sphere is zero for anl infiniite lattice and we cani only get the siless-strain relation throought

the dcii vati yes oftite dclcotristatic ettergy. InI a real cx peritilent of course the tranislationlal iiivar-iance

is brokeni by the wall1s ot tlite conti iner and the force does not ca'~cc I on t[lie I aSt layers of particles.

'Ile stress.% calculated fruin tie forces onl a finlite systemi and the one ohmtitted

frloml the electrostatic elergy of aill mImi telttice LICWill nitly dilfet' by a surfa.ce Wcill ill thte

electrostatic energy whoIsc itmportanice decreases ;L% a/l, Where 1. is the thickness of thle sainl pe.

We deCUicriniti the eff'c,(tivC perIlitti1vity telsr.titItlie SuspetISio1 rl'RInI itS definition[0

Cel f (2
k - . ) . E t = '(2

Ul.

Where E is the Maxwell Field and P = M/V is the.. averatge poll.to ioilctal dipillc

N-I of the tutit cell is obtained buttm the soluttioni of the set of linear elqtatitols (ct. lFq. (8)). Alter a

partial inversionl viil [itghe Iiigher1111PIC I inlth~ls sIClne nno i'hl! IlilioeS We obtain

ni .NI (13)
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The field wh ich initervenes iii this last cqtiiliioii IS tile Maxwell hlcd E anid 'lot thve x tentiii field LO)

whie Ii appears ill tile left hand side of E-q. (8). The differecme between thle two fields comie~s froml
thle conjd ii onal ly convergent sunis which have beenl t-auisferred from tilte riight hand side ofliEq.(8)
to the left hand side inl order to write El. (13). The comb ina tion o f Eqs. ( 12) and (1 3) gives

Ief _ + 3f 13t C-' (14)

C is a configuration dependent matrix whlich does not contain tile condi tionally convergent

CotriLtiilnl1101 it) tke lattice sums and 0~ is tile volume fr-action tilsplietes.

The laittices we have main)ly studied are comrpoised of chainis of itouching spheres

along thle direction of' the field (Z as is) anld tile proeC~tiOll 01 theCSe chainls On the perpen~ldiC~iala

(0 X,( Y ) ph att is either a sqiuare loattie (Fig. 4 A) a triangular lilttice (Fig. 4 13) oila it or0e

comnp1 icated pa' en (Fig. 4 C) where thle grey atitl black spheres oven lavpThe variaitionl ill volum 1:

fr'actioni is obttti tied fl Cli a ig ilitg thle sliaci Ii g be twcenl thle c haiti s ill tile ( X .(Y planle we %Ytave

represen ted inl Pi g. 4 thle close packed situatiOti. Inl the patternl of' Fig. 4C thie grey ch alins ate

shi fted by a rad its inl thle Z direction a Side view of tltis figure eithter along X or along YV wotuld

give thle triangulhu pattern of Fig. 4 13: tltis lattice knownt as the IICT lattice hias been demonstrated

to be thle toore qtahle o~ne, for a lattice oftdi poles I I]. Oi [lite other hand for condICV iteifye pherS

Davis] 22] has shlown (ha~t the three lattices tad thle same eniergy per particle. W(, have calcitlatcd the

exact pelmittiv ity for a close packed IICT lattice with thle to ultipo lar approachi for CX betweetn I atnd

.(10. TItlese t-C.ults for thie pernnitti vity are coimpaired wiIth the tines obtained inl the dipolar

approximtatiion it) fig. 5. We see that for hligh valties of (X tlie effect of highler lin ultipoles

cotisidetrably ini teases the valtue of the pettilittliviy. The sauteC effect OCItcrS for o~ictti lattices and

fitially thle Coil' fusion tfltat thle IIFT littice is thie nmole stable remaitns valid but the diffetence of

enlergy per parit iIc betiween tlte FCC aild the LIFT IS ittItCh lower11 ilili i the di pola r alpprtxi toation.

F or inlstance In. rx = I1t0l we have (W1c bet I cc) dlip = 1.t082 butt ( Witet /W'NC ljjin o. I 1.0t08.

LI Uct usO COwITItt hac- to thle stress-strain curve Cor lattices of elaitis of. spliccs.

We call shear. Nvwltilthe displacementt of each plttite ill tlie X diric~tiont Increasttng linearly with thle

distance alonig Z ( For tite, 13F lattite, dle ito thle itibicatintiOfitl le Citaitlte11C lattice catlit be

sheared a~finely inl thle X (lircetion thie casier direction of'shear is at anl angle. of 45" iclatively to tie

X or YV axis anid evetn in this dirctionl a coutinttluos alfitte deforttathtti is tlot possiblle f~or 1 > IN/h

12 11)I. The ehatigC of electriostati ici enrg tith tile strait) 7 is gi veti by

W (yh= 1 Ev . v E 1 ~ 1.
2

2 2
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The electrostatic energy is cahilated for diffeLrentl Strainls of thle lattices then a firmt numerical

differentiation eives (hie shear stress :t d WV/ D -y and a second diffrerntiation gives the shca,-

mlodulIus : G = ( d TI ay) Y) =
Previous calculations of the shear modulus on a simtple cubic lattice have becti done by Davis 1201
Wiit thie help of a finlite clrement method. Instead of a sheared lattice they took only t hc "s (rctching"

contpoliciit of thie Shearing msotioni; it allows to keep thle cubir symmetry and so to decrease thie

computational tinte .We have founld that dhe suietching approximiation becomcs accutate for cc > 10

Sneverthteless tile size of, thle mesh taken inl 1201 for thle finite element method was too largie for (X >

10, resulting inl an unoderestimnation of Ci which Vrows with a (already by a factor of 2 for cf. 2 0I)

[2 11. IBonnecaze and Brady 1171 have also addr-essed this problem fot a configuration where the

chainis were touchiiig in thle y diiecti on and for di Iferent spacing ini the x direction. lTheir met hod is

sii li ar to tilte onle used For hyd rod ynam ic in teractions ill Stokesi an dynamics 1231 anl exact

solution for thle thtee fitst multiltipoles and a pair superposition for higher iiiuli poles. A ciomparisont

Wihtltli ihc restults and anl extensive calculus of the variationts of U and -Cs Wifth tlte volume fraction

for different lattices Will be reported itt a forthcoming paper 12 11. We want here to foc us otn tilte

comparison betweent the two spheres model of KI ingenherg and thle latt ice chain model.

The two homportant qtranti ties : the shear modulus C; and the static yield stress t5, (normial ized h V

2 COj cl: P)2 E-2 )arc plotted versus the volume fraction respectively inl Fig. 6 and inl Fig. 7 for a ratio

of' thle perilitti vitics aX = It). The strain is inl the X di rectioni fot i lie SC and SI I lattices (Fig; 4 A antd

4B) anid midway between the X arnd Y axcs for the O3CT lattice(Fig. 4C). The straight lines itt both

fi gures represent thle ptediction of the two spheries model wh ich by cottstrtrc on (add ivity of thec

effects of each chainl), Scales l inearly Wi th the voIlAuile fraction. For the two sp1)tets itmodel the value

of Gi is ollti tied front the derivative of tlte restoring fotee telativel y to the straini at sniafl value of y.
Three things ate worth tioting ott these plots : F-irstly thee thiee lattices-except tite I3CT lattice above

S0.45- give similtiar va lies for G as well as lot Ts whtich mneans that tlie mechtanical proplerties aie

motor setsitivec to the nunmber of (Chains pcr nit it sttrlace din it tot their pleeise reilatve posi tio ns itt the

XY ptlane. T]his is ntint true for RCT lattice at high voluirte fi action fiecause of' meric tiniidance

which occurs at lo1w Strainl w hetilte Volii ate fiact otinceaes 11CVSe.Scondly. tIle Yield streCss anid tile

shear rnodutlis increae ailmotst linearly with (lie volume fiactioin anid tis linear behavior is still

inore ev i detIt at hiighier Values of' a - (always with the exceptiton of OCT lattice for iF > 0.45).

Thtirdly tie two hod y a ppiox imat tion largely ii deipiedicts tfte cal ieis if' Ts aih G anl ihithS

di fTcetice Is lound1( to ittcirntse whetn we, increase u. . For instance W itli ai = f0 we obtai n lttc
/ (. )2sphlcres = 1.6 attd witht x =20 (t5,)lattice / (,r2pers=

It is ititel-esting to itote that iOw Iiitear beha~vior with 0 and the absence of

Senisitiv'ity to thle precise structttte itdicate dfiat w~e, 1 reason only whith unlidiotieitsioinal cftaitts of

spheresN but that, inl this chtaiii, a lar ge mititlie if pai uicles tmttst lie taken intor accouint. I or iiistattee
wit x a 10 (T5,)l;ittice / (T5.,)

2suhleres = 1 .6 whecs(t 5)3spliercs I (T5)s~ee , 1.2 ontly znod
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for c( =20 these values arc 2.1 and 1.3 respectively

Thle comparison With experiment is not always meaningful since this model only applies to

electronic polarization anid very often ionic polarization is present. Nevertheless, for the

monodisperscd silica particles we have used, thc agreement between thle theoretical and thle

expeinmentai yield stresses arc rather good [6]. Actually this model could more or less apply when

the electric field is switched on rapidly sincc in that case we have the formatioii of a loose gel-like

structure which can behave mechanically as the lattice model. But if thc structure is formed at

equilibrium by rising thie field very slowly, we expect thle formation of aggregates having tlte

internal structure of a close packed I3CT lattice. Such a lattice can't be sheared at constant volumec

aiid will developp, high normal stresses and wall slip before tO hlow. A large increase of shear

stress and of shear Modulus associated with a densification of the gel like structure has becen

observed expefirnentai;Y [6] [24] and, if the lattice chain model canl still be usc u[l as reference

model, anl approach basea on thle existence. of isolated aggregates (whtose internal structure would

ideally be the UCT setructure) could bie an alternate way to model E.R. or M.R. fluidy.

V.M DL OF PHASE SEPARATION AT WOUILIB1RIUM

Magnricorihological fluids as well as E.R. fluids exhibit a phase tranit~iion front

the liqoid to a solid-like state when thle attractive forces betweeni dipoles become larger than tie

eorropic forces ( X = dip a I kTl > L). The experimentally observed structure does not consist of

equally spaced chains of particles but Of thick columns. For magnetic fluids thle averuge r adius, b,

of these aggregates has been measured and has been found to increase with the thickness L. of thle

sample with a rate which depcind on die range of L. [251,126]. The tineelniatis of furnnatiot, of these

aggregate-s - do we have first isolated chains and then a gathering of titese chains tnto columns or a

simtul taneous growth in two direct ions (lia~ad Id aiid perpendicular to the fielId) hot at different rate.%

imposed by thle rate of iticreasu of thle field'? - is an intere'stinlg (qUSel tiunot Will nut hie di.jSCU.Ssed

hiei'. We only want to deal ltere with thle determlination oif the final radius of the cLAuititiS, Obtlainii

"a Act thle com pletion of a phase .separationi which is supposed Ito have beetn pert ortned slowly

enough inl order ito allow for thtermtodynamic equilibriutm. Inl that case, we can use a runiiittii!.atioii

oif the free energy reltalively to tilte size of thle aggregates in ordler to find thdi. oqi i ihn uin si iC. lhe

model we use should only apply toi MR fluid,, because we are cotnsidering the effect of-

depolariii.inrg fields gene rated by tlte Cuitoll o (t ite pul ariZat iton the O va WIN of' 11e Cell. S tricti y

.speakinrg this effect does i ot exist ini ER Flu ids whecre the elrectrode.,s Jbri rg thle chat ges needed ito

cancel the local field gelirrated by tile c~utoff offthe pohrrifzauon. Ill otther woolds tile. av ra'ge field is

Constant ill thre samiple foit rny disc iblhkiot itt matter since theC potenltial is. ilnrprard itt thec

Let us see rthe '.ait rttrriaetriols w-hich Utiicl into phla and hrow Wte c.1rt Mtodel Oilrei. [trat[ %Vu
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assume thrat tihe aggregates have an ellipsoidal shape, clrarriteriiietl hy the ratio kt =b/L. (h) is the

transverse semi-axis anld L the total lenigth of the Imajor axis); then the total Inlooneiti Mlh of thle

aggregate in the ditrection of the external field lI I will he

M I i wtt cetI ~ [7 J - 1)I(5

ltecl is the internal permeability or the aggreCgate of volumie Ve II antd 1 , i~s the delpolarii~ing field

fact'r of ant ellipsoid[271 which for k<It i s given by:

ir - - 4(1 +Log k) k2  (16)

A th in aggregate eorreponds to simall Valute of tile depolair izing field (it1, -) h) andt sor itt large Valute
of Mailt aud of thle miagiterostatic lenergy g~iver tby

W =- 1/2 M a.,1H (17)

(The Iliiirtetrt Ma i.1; equlal to Malt itt air effective imediutmr theory where dte finitie si,±c of the particles

do trot interveie).Tliis effect alorne should coittribute ito die formiation of individual crains oh

particlus. 13ut till tire oWter ltand, these Chlia ins areC goi rg, the iCpe I eCh It ther heeai.Se the C1,t-ti ff'
thec polariz~ationu 1 is equti valent tor tie effect of charge-s of ojrpos itc signr located at the cx Ucinitiies of

each chairn. Actually an ttiniformi distriutritiri of tiieA' equiivalenit stirface chartges whrose suirface

deinsitry is (T (r) P1 (r) . it (ii unitit vcci t, :nonrmal to tire surtfree) wotuld give rise to tire usuia I

rtveiage field :11I li - dl 111 P But if', c citimidot that each ztggegite is lociated otr tile nodes orf a
laittece we shrall h ave flot tire o;ilg t thle referentce aggregate

w1here T1  M is tire fheld Coinintg I'011i theC total rl11Ipl M. oi- tire agregaite j tud averaged tnt the

letngtht of tire aggregate i .( )ing to rlite cyliirdrical syntirietry, we Ciii tonly Coinsidler tlire

col irpoitent of I. Whicht is

1 .-. 2 kii_2

1.2 ~~~ (dij +.;(
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U~sing. inl (15) (li local t-- ]d I I instead of I110 givs (lie re %uI I

M!,= aXcii 1lb - I., Mill, fn, = ue Y, 1  (20)

]'ie suot onl the particles call be recplaced by allt oitC81-:iI between (lhe randius. d() oh, an t C ihtlt cirn

cavity and inliltity; we Itenl Obtain:

____~~~ (+(Q - Willi d11 i -

- )]~,[ L2  LA 3 (1)

III this ex pression 4i is the averaige volumke fraction of solid particles and Ifle11 is thle volunile lrocieonl

inside thle agteaisl tic vale it, d~ecreases when thle distance betwoeen the a~ggltes~., increaises

which ieanes that. regarding to thle repulsive i nteracti on betweenl aglegates, (lie ue lrg y will he

lower Withi a smtall 11ititiher of thick aggregates thian Wiith a lar'ge nIuinbIet of thiitn tggte1 cgates. If we

do no[1 Consider ally surfaceC tellSiOil, til ettCigy is Onlly a 1htinltiOnl Of thle ratio k b /1- (through nll

and it ,) so thle equilibtinitin size obtained by mnitimiz~ing (20) reclatively to 1) wVill scale. lincar ly with

L.

(Il (inte otlher htand we hlave to add to thle etter'gy a SUIT!nee tensionl Whose oiriginl is tite difflletence

between thie local flicld onl a particle Situate(d Onl thle SUtace of anl aggreCgate relatively to theC lcall

field ott a palrticle situated it~ik(idete aggregat~e. 1T1tis Chltange ill local field Will lead Ito a Chanllgc of

tite total mnoment [,omit Malt t0 Ma Wit lih canI I inIcorporated inl tite factor tOa

Ma ý- Mil (I Ila ) wltete 11iJ = C a -o"(21)
a Veil

1T11 Constantt tI, piloport-utoi lit iy C depentds onl the precise str uctuie attd ott thle value Of Lx 128 ý it

is equal to ý 0c]11 if we apiproximtate the surroundings of' a particle by ali homogeneous mnedium. A

good approx inlatioi On ot IT is:

oIt = C 10.75 nt (a.) I + a 0(k) (22)
L, k L

If tite cqttAlity 11, (ltell - I ) << I is ver'ified, the polarizaiitlily tettstr reL~l il lFq( 15) cant bw

develophsed anid usinttg, (16) and (22) we obtainl

Wli 1 0~l (h1~ (- U/4 74 C, kL
2  (I-c L (23)

I . k

Ill Iltis equation C, and C' ate sonic constants and we htave neglected the logairithttnic !epettdettce of

11, soi it is ottly Valid flo a re-stricted domtaitt of' k. L ooking for' t(11 tiC mn of theenrg is
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equivalent to take the dcrivative of Eq.(23) relatively to k and then it solve for k which will give

) - a113  L2/3 .
This result holds in die absence of repulsive energy (nr = 0) . The general case ( nr 7t 0 and n- •1 0
) can be obtained in a self consistent way by writing instead of Eq.(20):
Mhta = Cell I no - ri. Ma with Ma given by Eq.(21) The resulting energy pet particle is then

-U- ,-, ae0ll 0-n• / (l+ nr (It-n))y
N

It is not easy to obtain, in the general case, an analytical relation hetween b and L. We have plotted

in fig. 8 the numerical solution for the radius of the aggregates versus the thickness of the cell,
using a standard set of values (a = I I-tin ; p = 10 ; ( = 0.1) and assurning an internal volume

fraction ,cli = 0.64 ( corresponding to a random packing )insidc the aggregatcs . We can see ott
this log-log plot that there is no power law for b versus L if we take the whole range of variation
of L. Such a result has been found by Liu et al 1261 on droplets of ferrofluids, For a different set ol
paramcters corresponding to polystyrene spherezs charged with magnetite we have found a good
agreemtett between theory and experiment with a slope close to 213 in the range 1 = 130 It - 700(1 p

129].

YV CONCLUSION

We have sceen with the help of a multipolar development tila' a reference toodel

for the calculu,,, of the yield stress or of die shear iooduls cannot he based on the cotsideration of
two or three spheres, especially for high values of (x. The calculus of these quathities on different
lattices have shown that their values increase linearly with die volume fraction for aX > 10 and that
they are not very sensitive to the relative disposition of the inlinite chains. Nonetheliss for i .

0.45 hindrance effects result in a sharp decrease of G aad cs for the BCT lattice. In opposititn to
the reference 1nttdel where all the chains are equally spaced. we have demonstrated that, at least for
MR fluids, the iurface tension and the repulsive interactions between aggregates lead to the
fonrtation of aggregates whose radius incteases with the thickness of tie cell. The rate of increase
is ultimately linear (b - L) but decrteases continuously when the dtickness of die cell decreases.
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A BSTRA CT

I ield-induced phiase behavior of a confined tnonoxlispcrsc ferrolluid emiulsion
was stud ied using optical miicroscopy, light trantsmission, and static lightl scattering
techniqucs. Uipont fppli~atiott of mnagnetic field, randomfly dispersed tnagnetic etna Ision
droplet,, formn solid structures at X = 1-5, where X. is defined as the ratio of the dipole-
dipole interaction energy to tihe thenrmal energy at room telnperatine. 1 ihe new solid
phase consists, of cither single droplet chains, columns, or worm-like clusters, depending
on thu volumec fraction, cell thickness and rate of field application. For die column phae.,
an equilibrium structure of equally sized uai( spaced colurntis was observed. Our
ineasurerni tls taken lbr cell thicknless 5im !9 L !5 5tX)puit and volume fraction 0.04 show
the columnu spacing to be reasonably described by d =1 .49 L0314.

1. Introduction

P1hase behavior of* colloidal dispersions with anisotliopic interaction~s (mat aly

dipole intetactions) strongly depen~ds on the confinement of the colloidal systemn. It has

alt-eady been shownr that a single layer Vl colloidal particles interacting thr1ough11 long-
range repulsive dipole l'orces forms a cystallitt struc~ture 11, 21. In thai case, each

patlicle is Well Nk paraled [torn its neighbors as a result ol' the sitong itt-plane i'epulsionl
arising floin thc conine'iid paralcel dipoles. In the limit of' anl extremelýy iargc cell

thickness, it has been predicted [3, 41 and partially observed 15, 01 thel the systemi

undergoes a mact-oscopic phawse separation, a liqttid and a dense solid phase or. in some

cases a liquid anid a gas phase. may coexist [7, 8 1. Indeed since dipole-dipole intcractionm;

may al-so be attractive, dense phtases are expected to lo0rnm once thete is less conlfinenser.,

to restrict exploration of'attractive configuratiotis. Nevertheless. the t-esoLting equilibrium

structure should arise 1from a vcry subtle interplay between attractive and teptulsive forces.
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leading to substantially more complex equilibrium pattucns. Though experiments 19, 101

and theories 14, 9-111 have already dealt with this question, controversy between existing

theorie., persists. Our experiment is designed to test the predictions of these theories.

In this paper we examine the behavior of a confined colloidal system in which

particles exhibit magnetic dipole interactions upon application of a magnetic field. We

demonstrate that at equilibrium column structures are formed which are strongly

reminiscent of well-ordered structures in the two-dimensional case. On the other hand,

compared to the unique macroscopic dense phase in an extremely large cell, the confined

system shows many equally spaced and sized dense columns even for a cell thickness as

largo as about 1000 particle diameters. We show that the spacing d between these

columns increases with the cell thickness L. Based on experimental data, the behavior is

reasonably described by the power law d - L0.34.

2. Emulsion Characterization

In these experiments we chose to use small monodisperse ferrofluid emulsion

1121, This is because the emulsion droplets act as hard spheres in the absence of an

appliel magnetic field and acquire magnetic dipole moments proportional to tIh: magnetic

field applied. The sample was made ini Exxon by one of us (J. Bibbette) using kerosene-

based ferrotluid (obtaiined from Dr. Ron Rosensweig) mixed with appropriate arnount of

water and surfactant sodium dodecyl sulfate (SDS). The result is on kerosene-in-water

emulsion where each kerosene droplet contains about 6% by volume of iron oxide grains.

Each magnetic grain has an average diameter of 9t6A and a permanent dipole moment

corresponding to a single magnetic domain. The aiioplets have an average diameter of

0.51 rtm and a standard deviation from the MCean of less than 10%, and are stabilized by

dte surfactant SDS. The droplets are disper';cd in a density-matched aqueous continuous

phase containing a suitable mixture of L,20 and water. The SDS sL-'actaut concentration

is set at 0.015 mole// which is about twice of the value of the critical micellar

concentration (CNAC = t.(X)8 molct') f*-r this surfactant. The (Ldoplcu are munodisperse

both in. terms of their size and magnetic moment. Trh nioutoidispcrse emulsion is

produced by applying a fractionated crystallizztion scheme to an initial pOlydisperse

crude emulsion [ 131. The emulsion droplets are stable ,yer long periods, as long as the

surface charge is maintained Th,; may be aceom',lishetl by keLjpi1lg II,- continuous
phase surfactant concentration at or above the CMC 1141. Qhe repulsion Ixtween droplets
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due to the surfactant coating has a very short interaction range compared to the diameter

of the droplet. The droplets are also almost non-delormahle in the limit of small osmotic

pressure at a low surfactant concentrat, n [14-151. Therefore, as long as the ionic

surfactant concentration is also kept nea- the CMC. the droplets can he viewed as hard

spheres.

One major feature of these dropleLs cones from their superparainagnetic behavior.

In the absence of an external magnetic field, the droplets have no permanent dipole

momentu, since the small magnetic grains within each droplet are randomly oriented due

to thermal motion. An exteinal magnetic field induces a dipole moment in each droplet.

whose magnitude increases with the strength of the applied field up until saturation olf

magnetization is reached. Consequently, these droplet•s interact through dippole forces

which can be controlled by ilh magnitude of the external field 1161. The strengih tli this

interaction can he con.l,,ctul. described by the coupling constant A 1171. which is the

ratio of the contact dipole energy ol' two adjacent dipoles to the thermal energy:

A = Ed/k'T = rjj(X3 %2H2/18k7T

where YUo is the magnetic permeability in a vacuum, a is the droplet radius, k is the

Boltzmann constant, T is the temperature in Kelvin, and Z is the f'crr-ofluid susceptibility.

X is delined as MAII and is equal to 0,,AMdjL(a)/J-I 1181, where ,, is the magnetic grain
volume fraction. L(a) is tile Liangeviinfnction with ( x dl/KT where in is the magnetic

grain dipole moment, Md is the hulk saturation inagn•tization of magnetite solid. At low

field limit X =rO,&,dLixi,,rm3ML 2/8kT' where (1, is the magnetic gýritn diamoitcr. For the

ferrolluid used in our sample, 0, = 5.8%, d,,, = 8.9 rmn, T" = 30110 K, Md = (.5605 T1' or

4.46x 105 A/M for magnetite of Fe304 119]. Therefore, 0= (.43 to 0.37 in SI units for the

applied field range from zero to 40) ml.

3. Experiment

Th.• behavior of the fcrrofluid emulsion is studied using optical microscopy, light

transmission and static light scattering technaique. The sample is loaded into a few flat
wedge cells covering the thicknesses ranging from 5 pin to 5(X) pnm. The homogeneous

external field is set norrmal to the cell surface and is produced by a coil to avoid the

forrnmaion of image dipoles at the magnetic boundary. Both static light scattering and tiLe

light transmission measurements are pceronrned using an air-cooled Ar ion laser directed

- -- -- - - - - - - - - - ------
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perpendicular to the surface of the cell. Scattered light is displayed on a screen behind

the cell anrd is collected by a CCD camera. The signal is finally transmitted to a computer

for processing. Transmitted light is detected by a photo diode.

3. 1 Optical Microscopy

We have observed very rich phase behavior in these confined colloidal

suspensions. The appearance of the different phases depends on ,everal parameters

including the magnitude of the applied magnetic field, the droplet volume fraction, the

cell thickness, and the rate at which the field is applied.

As already noted, applied field induces a dipole moment in t-ach droplet and

generates dipole interactions between the droplets. When )L is less than 1. the droplets

exhibit a random dispersed liquid phase. When A approaches unity, the droplets follow a

condensation process. merging together to form small chains. By further increasing the
value of 2. the small chains combine to form long chains. Depending on chain length

and volume fraction, chains can either stay separated or gradually coalesce to form
columns. When A approaches 2. there is still a visible exchange of droplets between the

dnse (chains or columns) phase and the dilute (disperse) phase. Before the completion

of this condensation process, the ordering of the chains or columits becomes visi5le, This

ordering sharpens and saturates when A is further increased to about 10. For
A approaches 10, the chains or columns become rigid and are locked in position; the
Brownian motion of each particle is reduced dramatically. Fig. 1 illustrates the pharC

transition for a sample of volume fraction 0 = 0.03 in a cell of thickness L = 20 pIn.

When A is larger than 1, the cell thickness controls the chain length and therefore

the interaction between chains. Figure 2 shows the microscope image for droplet volume

fraction 0 = 0.0X)7 confined in a cell of thickness approximately 5 pim. The magnetic

field H is set at 31.5 MrT, oriented normal to the cell surface. The corresponding value of

A is 80. In this case. the chain length L, which expands to fill the cell, is 1(0 times the

droplet diameter. It is clearly visible that the fcrrofluid emulsion arranges itself into an

organized array of chains of equal thickness 2r and equal spacing d. 'The average spacini,

roughly measured from this picture is about 5 ptm and the chain thickness is just one
droplet diameter. For this thin cell, the interaction between droplets is mainly repulsive

since the structure formed is very similar to that of a single layer of dipoles. 1 lowever,
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the inter-chain repulsive interaction range and strength must be reduced compared to that
of a single layer; otherwise, a crystal structure would be observed. Either decreasing the
chain length or increasing tile volume 1raction results in a stronger repulsive interaction
between chains and, therefore. a hetter ordCrlng.

When dhe confinement is decreased, a different structure appears. Figure 3 shows
a microscope picture where 0 = 0.13, L = 65 pm, 11 = 38 moT, and A = 107. In this case,

the chain length L is about 130 droplet diameters. 'fhe ferrofluid emulsion again arranges
itself into a fairly well ordered structure; now however, columns are formed that are
much larger in diameter, about 3.0 gim, than single droplets, 0.5 pm. The chains

aggregate to form larger column structures. For L >> a, repulsive forces are dominant
between chains that are parallel and in register with each other. However, if chains are
brought close together and are shifted a distance of one droplet radius along the chain
direction, a net attractive interaction between the chains results. Therefore. columns form
from chains attracting each other and "zippering" together. Thle columns arc observed to

taper at the ends, forming sharp tips at cell boundaries.

A dramatically different structure results if the magnetic field is applied rapidly to

this system. Figure 3 corresponds to the rate of 0.1 mT/min. In order to check whether
other structures are possible, we vary the applied magnetic field at a rate of up to 104

mT/min. Figure 4 shows the structure formed by the ferrofluid emulsion when the
applied magnetic field changes at a rate of 240 mT/min. In this case, 0 = 0.12 and L = 50

laim. A worm-like structure is observed with a clear characteristic length scale. If the

field application rate is increased to 1()4 mI'lImin., a random connection of labyrinthine
structures will result. We also note that below a critical volume fraction, in this case 6%,

thi: worm structure is always absent. We the| always find a column structure with a

slight difference in column separation compared to the one shown in Fig. 3.

A very interesting phenomenon is found when we maintain the rapidly applied

field to its finai value, corresponding to about /'6 3. for few minutes. The worm-likc

pattern disappears gradually and e columnar structure appears. However, if the strength
of the final applied field is relativly high, corresponding to .. > 10. the worin or
labyrinthine structure treezes and does not revert back to a columnar pattern.

,,,.it"'I
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This suggests that a columnar structure is the equilibrium phase and

thermodynamic equilibrium can be reached if the applied field increases slowly; e.g., at

0. 1 mT/min. This rate employed in Fig. 3, A. increases at a rate of about 0.1 rmin.-I in the

range of A = I to 6 in which structure formation occurs.

3.2. Light Transmission

The quantitative paase behavior under equilibrium conditions (low applied field

rate) was studied usin,, light-transmission measurements. When chains start to form,

more light is allowed to pass through a sample which in the random phase absorbs and

scatters light. Therefore, the critical field for phase transition can be determined by light

transmission measurement.

For the light-transmission experiment, a laser beam parallel to the magnetic field

is directed toward the sample surface and a photo diode is located behind the sample to

detect the transmitted light. The result is shown in Fig. 5 for which 0 = 0.10, and L = 100

pLm. The transmission starts to increase sharply when 11 approaches 4 mT (that is, A

exceeds 1.5). The transmission reaches its peak value when H approaches 8 mT

corresponding to A = 6. Transmission is increased by three orders of magnitude with a

value of1A in the range 0 to 10. Reducing the field from 10 to 0 mT does not result in any

hysteresis. When the droplets diameter is 2a = 0.41 pm., and the measurement is repeated

under the saene condition, we find a similar transmission curve; the transmission starts to

increase at a field strength H = 5.5 mT. However, this field again corresponds to 4, = 1.5.

Our previous direct microscopic observations taken together with this measurzment, lead

to the conclusion that the condensation process into columns is very analogous to a first-

order phas. transition in a system where two different phases coexist with one

conde;nsing in the other. The critical field for the phase transition from randomly

dispersed droplets to a columnar structure occurs in both cases at A = 1.5.
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3.3 Light Scattering

In the static light scattering experinment, a laser light parallel tO thle magntcl.k field

direction is again directed toward the cell surfuec. Oil thle screenl behlind thle 'Saniple, at

typical scattering patiernt ol several concentric rings is observed. A number ol' rings ats

high UN 7 has been observed in some eases. The rings indicate that a partially ordered

structure is i'ormed, which is consistent with what we f"ound in thle mnicroscope images.

Tile fi rst inner riing, which is tile mlostL intense rin g. corresponds to thle har-aC tel-is tic

length scale seen directly in the str-ucture and thle otherI r-ings ar-e believed to be. tile high1er-

order harmonics. Since thie f'orm factor is essentially flat 120)1 in thle smiall angle range.

we kcan easily deduce the scattering wave VectorI l)OSitiOn., (jtjA of'lI temaximum.1 intensity

of- thle first ring in thle corre~sponding structure t'actor. Ibis allows us ito determniic

precisely the average separation, el, between eolumins by using thle relation d = 2 R/t/qnoi.

I lere, the scattering wave vector q is defined as 4itsinW0/2)IA,,. where U is the agl

between the incident and scattered light inside thle sample, and A,, is thle light waN'Celngth

in the sam plc. 'Ihle peak width, .,tx gives the nicani devi ation, &I, I'rm inthe averatge

spacing.

We used static li ghlt scatter'ing to Plrobe thle C ol u ini ar' structure as a Itune tionl of

volume f'raction with constant L and at a slow ate of' field aIpplied. li gure: 6 shows thle

reClaion01 between thle columnII spacing d1, its variation UL and thle volume friactioni 0, at a

cellI thickness 1I. 5t0 pmn and with A = 1017. 'The degree of ordering is reflected bly the bar

whtichI is miieas ured 1'ro tinlte ring w idiil. Thle o rde rinzg, ii ipm yes as ý) i liereasc s.

Surprisingly. we did not f'ind an y de pe tide ce of, thle inceasu i-d Col'iinn 51 spac ing d1 on

vol uiie fractil on 0a ! 0 (.114. Ibis rk.s Lilt is con Iirmed forI other thlic knesses ranging f"ronil

I10 pill to IM pX ti. Thbis rcsu lis ar ic i iiark able ;it that cot u11ii i spac in g is independent ol'

volume f'raction. As 0 increases. iiistead of* forniing more columns at red~uced spacing.

thle eolumii width increases as qOso as ito miaintain a conistaint col uni a spacing. '[he

rean01 10i1fo this pI-ie CL erdstRuctureC is Ilkt clearl Yet.
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0 atnd at .I l-A fall- MI icid appl1-ait.jl I jiptnt 7 'hwlkt.' Ihc hai. ,lph.l~h kant.lingr~i.

patteln t'iaine.d tiutti thc ko'timn ý.llit. liure% f.r kfitlowtiil %.IIUL' "I I % \ I It Il v k

It Ii';it tio I III toni th, Ix A in (fie lnlen%II% ptfI Iit)ir rnvc 'tt.,.rik manjllI l m IV, ,ind

fix. '.-A, higlit-i .- ttic hJ;Ini nit.,[ %I% I t~hlC I hi I t~ '-I It' 0 ', t 01 .I hat Ih K%'I I Uii pt I Ing ll

n '~Ailh ir~f n .r'ij: itl1 thit.n Il-' I rn'nnm thc ttr' ring rptak %%~~nn q , _all

14.nlflht" IN, mftptiimc'. IIVo -t1 Ith, kIuini *pat. ilijg 'Il LkcII Ihlit. il*' i .1 L"11iJlIi dt,-p~c

W~.lU lt 1ii,s lim ') (Ill-1 anid ~'.i A .l 1iig' I lIt1 lCOMfi I, rIc.&niltt tin I tý 1 It, -riit

-TtuIij "1 lilt (tit v jlk IdItil ý k',ý It.' sIitbh aliii ark i n'dt ,~l 41mChvI k:i m 'k timi1m ýýI ,

Ajj li hIiit4I tit-ilk r1 iC t. Ni 4'a% 1101t. h~tI "Ii lhC1 'Iaig --%tt  I l it l i.klx'c ii mini1

.At l tt 1111 1111".1 iultni j'r V lii l *m Nah ii.ilii iit Ih tm mflaixi mlt- 41 1 I ttt dmI*'ijiLtt&.iiv- ait h

IihAl 1 ii1, I lint' t mm't.kI IV%%' tILtincid It pi, %knt% u. loml puit~univ h~ XInpI n1 n1I*k

I iomi Ililt ncasuitcd icldtit-ti of i d t ' .1 11,itb.1i0it tint 1 .t~ C ii t .JII alktlIlJlt' 111V' tHiit.l

t.1H lii.Ln...I t~ It . phdimw tr~kmih tillll 101 %IIIglt.Citt OI 1 mm It) IlLIItIIl'. 1At I.cSi. I '.iilg

iht. tlk-llumii 21 .1 i It)0/01 W) . f~ ill ht1t~afvtmal tlotw ~t~ cncr anid d - I.4

I 1 .C A mtit- itw1., 2 ; iii1. glt-il .2f 21J. IVIt.Vr = 0(04 and 01) (10.64 .which, i-, the

k. 11t1113C pat.Iiip hit lion iit'.idc a iandoiiily coepacked Litlumli. T his result tolls us that

mi'' 1) (" 1. tOhJIn1. ot S ditpllets mIt' Ihltit. Will ctialt.W'ce to 1t0rm1 Columns'. whereas chains

"1 41 ditmpleit. 4)1 IVY%.' Will ICIIIJIlI weparate f~roml othier chlainls. Ini thle othe'r limit L -> -.

h mu iwit.'itsuit.d iclatnin d .q 1.09L- 34 , 11 _> _'. This meanls thct a phase separation

vlodiuli ccur for inflinite chatins, which is consistent With thle theoretic predk~tions.

Our results differ froni that of' a previous experiment 110 OJFor a similar system.

lI t.' SalfIlepi ust.d ill referenice 1I0j was a polydisperse solid maugnetic colloid and
iiitcj5UlCHIiitWCIL er made fr1(0X) (UM pul L :5 7WX pjm The result (iI' 1101 showed a power-

law reclationship di a Ln (t.Which differs significantly fromn thc relationship d ix LO-34 vie

obntainted. ']Iis diffecrence is probably due t-,) the dispersity of' their sample and the

dil tcrent values oh, 1, used.

4. (osw~lu-sionls



187

i ltht-lett 14.9 1 11 have been kit.e vloped to understand the f ield indutced
%tFURl(ure iii a, .'nfntine sen All olt them attempt III calculte lithe lowt'est lice ''ilcigy o;t

a coino~sSl,,C1i due it, cither itki ort all tihe, tit the Magnetic 11nteraCn'IOv (;0 (Ilthe

kilpilth Iiner.R lionl %A1111 0hi C k-0e1.lumn1 titýors lorIiiiing long sIngeC chIns.1 (hi1 thle surtace

Ic uisit 'n IC nII .I'r Io i'r inrg Ia rgeco rnns 011,i1i1 tin IIniII/ 111 mthe s ot.c a ria. since it co .1 s

erIW, g' to omri iw%% %urt aCe. dnd (%, (ith, i nter.R lion Ixclst- cc ipletibo ring ciii tim i . whtichI

imin rpulsi'.e and Ia'.or'. lar~ge k:0il.u11r1 spa.1ctin ( t'0InjiMili' between~ these'

Ifltela..ItioII% prc.utinahlý '&tile'. tilnion'.1 mi .i l11111t. %idth znd spAti.ng tot a gi'.eii kiiiii

len lh \%hit,, 'inc III the.', ies pietd i1 -1 1OA C p i i1.3 delwilde Ii' Ik 1- 1.01inn11 dianit I L-I 'Mf

0 iluifInIIIC lelt. till preiL't.1d4 Witti ýer Im' tY.1 cpnivnt, ait, either 21 ; -i I I )titls ''it the.'r'%

IllI 1..1 pre~dICt&c, a l+Jise chaingetr., li~l umnx LtW11 to i III %all uik, I i the It.i ni
ltrdiAtri IIItCIkeaSC% I %V11 th1OUgh 11ý Ihit. theor'. I~ ugei'. a phaseiiait- 11i'tii'i trkiii I ,,'ininIII
strucltue it, ia woi'-n like stimui.tue. Its piedeicin dilvc' not'i agee quarntimalist~l. \N.ith tiii

1.spermimenial result.%.. I hterel'ile. out ettpeIirneIii doct. nuot agice5. \4101 adii'. I theei' 0 iing11

ikiii1W 0Ic I'm IV\'ikIU5 CXpeiments011

I lit: dipilecs induced bN d IliagneiCUL ield anti1 tht-ii o1Iiei.10lItilIIi 1 .i cI'leti ,Ilitl

emiulsioin arc very siinilai I tt-.i 0O. IICu~ried III al' 5  ohiu'cl i lit I Ilikitl 17l 111 an1

F~R fluid. anl eXtenlal electric field i,, applicu !o at Itllt'idal %up IIsIni 'AliiclI 1lirv

dielcticIc Ctill stanlt he t v* Cen particles and liquid i% in ismiiatchlid. I lecuti- dic iiiie imn' re il
are induced hy thle applied hl d tin particles. which will interact atnd agiil tilhe pditicles
n to chains I 2 11. IHo weverx the c lectiodc s whIich a pp lv ccliictkal lie Id I'tli eI sv ste in ailso

induce imiage dipoles over the boundmnies. Fach ImIiiitcd chIain Voiinected Willh its imlage
through in teracti on is cqui vadent toLi a ii'initelIy long claina eveii it thle cell di ick nest .t

linite. Therefore. the structure toraed inI thle i-R fluid corresponds it) that ii the lairge cell

limit of our Ic nl-ofIu i d em ulsiotn. The IICId-inlduced s tructurie change in FR Ii u ids turn ;itia

ER fluid jinto a hlinglanil so~lid, whIich leads Ii) mlany potential appilicationis 1 22). The
sani.c is expected tin this feimofluid etmulsion uponli applying at magnetic field. and it is

therefore called a ntgeticl'iCal (MR) fluid. I'lerefore. studying tle phase:

behavior is veiy important for understaiiding the fundamential physics ill an anisiltropic
interacting systemn and for understanding the rheological behavior forw teChnoltICUic

applications.

InI summary, we have demonstrated that a confined ferrofluid emnulsion exhihit~s a
very rich phas" behavior when subjected to ;i magnetic field. The anisolropic dipole
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interactions between droplets, induced by the external field, results in an anisotropic

structure. The critical field for phase transition occurs at X = 1.5 wherie random

dispersed droplets begin chaining. When . >> 1, in a highly confined system, a structure

of patially ordered and well separated single chains form as a result of rf.puluivc

interaction between short chains. For a less confined system, equally spaced columnar

structure forms with a degree of ordering depending on the volume fraction. A higher

volume fraction gives a better ordering of the columns. Surprisingly, we have lound that

the rate at which the field is applied strongly affects the appearance ot different phases.

A low rate results in a columnar structure, and a high rate results in a worm-like or

lahyrinthine pattern if a critical volume fraction is reached. This is very similar to the

labyrinthine structure observed in a ferrofluid confined between two plates and

surrounded by another immiscible fluid, where the complexity of the pattern also depends

on the rate at which the field is applied. In that case, the competition between dipolar

interaction of magnetic grains and the intrinsic surface tension between two fluids

controls the shape of the structure II 8. 231. lowever. in our forrolluid emulsion, there is

nto intrinsic surface tension. It is surprising to se similar phenomena.

We have measured the equilibrium structure while applying the fi,'ld at a very low

rate. For a constant cell thickness in the range of' I10jlm S L S IMp)/m.. we found that the

column spacing is basically independent of volume fraction otr 0.04 S 0 S 10.2. At a

constant volume fraction of (1.04, we obtained a power law between the column spacing

and the coll thickness having the honiu: d = 1.49 Lt -4., for 5 jm S L S 5()I /Un. "lhis result

represents the first structure study in a confined lerrolluid emulsion system interacting

through dipole lorcc. A largc gap between theory and experinient still ex I. ts. Therefore.

mote research, both experimental and theoretical, is strongly deniandco in order to fully

undcrstand the complex phase bhhav.or of this system.
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The Evolution of' Field-Induced Structure of'

Confined Ferrofluid Emulsions

Jing Liu, Tawei Mou, and (Icoi-ge A. Flows
Departncent of lih .ics and A.trnicourv,

(7aliftwirnia State Unive.rity' Lcrcg B'eah. CA 9(lW4(

J. Bihette
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'WV ieiiuicl a (Cali 1111ic %cc 111C a t-mlc iioiicic 14 Nt\LMC 01ccc CII IIcIiiicdlilt Icicil
(ciccccINiA1cc diliricg ie "Iiqi ccct.,ilc phase trcccicicic A\ moiicndicsrwr c ml icc-ct dci
Clirol tiiic cccciiiicl it sc u ice H IC !IUC[luic UVOciccccocc (1t Uch Ccciict1cIcic tWlCc I;II)
hiplpicail itii (I] :I mcagliei hl d Idlc probiedi by~ the switcc li uit wciccc icg Itlit scacccczccv.
ImileI c ex IcI0hil prnlillc iicc Ti ccsiliptat relleo thei clw I c lccici iiii cliamil. CiilclitmN anill

ldit)"Ili %. lititiiilicic ic %Id~IIICItQ I lit 'A.ildcc liji iladlp iN icicict LO (iiCICc;Lc III 'cI/ Mcid
bhicgiccclc III dIIIlcdcscc Wilic wciill cc cIt, icii nl lll Iic tlidiecddce 001i111d0uid111 11111C. hI)iii dIce
ici pea JIX)Iltccici lit tCa..iniccg Wtave VCiCII-. '(hljt id III c Itt Ifei l'ck IcIc.tiN111c . MU

dlidVactdcril II c 111liicccciil ii 11111t. hili 111)[11 Willt t. LIIL.I IIIt ii c's Illcac it stccci.Ix

.III' cr 1II:I~ c ;p~cIr 11c13)2cc01c icIId Al ;I coniclci ccl ctit kiics' 111 2, jic. Owc cccciciiccc tii
'11,1c n t Iý Cii ~ wo %. tcscccc Iv niieicicltia ci III-clilicci Iiactiouci callcigIg Nowci ii 0cl c it) ) 1 1 11
addiklcicc. a Iv Ncty u P(M Icccci ix iccccc ccc 19111 -111 iec 111c1ccci. cxIIA ih cc1CIII it' ItIM 0iic Of IIci t
x&,IIccI ll iccg% C% CL 101ci

1.I n trod U C tcucll

Thc Cvccjluiiccl ill licldcccIUCCdJ M-ircturc: cII a tColloidal sýý%tcll' ilccicuIgi ctccll)c'

iiclCRICt~~lci', 11,S hcCII siIcdICd IcccIIIlY III CCllS %Vi11 little 0cc11 l cclniccit) liii cmtc1rcpic.

011C S.1Udv was can-wi out I ii clutm-m-cicc lOg ic1 I R ) 111.uid.S. WhiM acn a r I cd c kci nc tiold

11cdUC-cs .111 cICciicc dcpcilc III cad)i didlci-cc 11idy %cc.%pI,'rdCd IIIa .1 liuid cIII dii loent

dryicck(trIc Contantai. I III: dipolc IICa ccL'caclc aligns OIle pan-ic ics 11ioii hacnis. acid dci I'-lcin
c hac m c h c iis" hit)c ltr coliumins. Thecc cc iucim o CraIst cCrI.Ig INh I, cCII. d 'I', 11Cdu. IIc

1ihcniial HiLutualionls cIII c hamls, Ihc LhIC0i-y InI Il. I has picdICccd licat f or acn cm ii icCy I011l;
chains the vicanscning duc toc dih'inl tlUcl H cIaticin Nticitcld tirilcW ;I cIwccV l.iw ofi 1W loicen

dt - r 40) whcrc d is a chicaracicrstic lenrgth ofi 111t, sirirclic. 1,1I.. cpcncilicnita I nesul1 I colic

________________________________________ ___________________________________________________ _______________ ______



the same study for a cell thickness of 0.7 mm shows that the chainl coarsening varies inl

timec in accordance with the power law ii - 04 A somewhat different result was obtained
in a study2 of a magnetic colloidal system where applied magnetic field induces a magnetic

dipole moment in cachi particle suspended in a non-magnetic liquid. The dipole interaction

results in a structure similar to that in ER fluids. The coarsening process shows a power

lawv d - t f. or a cell thickness of' 1 mm. In both experiments, chain length is at least tnrc

orders of' magnitude greater than thle particle diameters. Thle data suggest a weak

dependence, however, of the chain coarsening rate onl the chain length (i.e. the height of-

the sample cell).

The chlain coarsening process has not yet been studied either thecoietically or

CX perim ici tally inl a Cell With Strong conili nccniet. Pre sum ably the thermal I'luc tuat ionl

amplitude of' ýShort chain is much smialler than that of long chain,,; due to strong icpu Is ii

aniong chains. lbecicorc. thle chain-chain coarsening is expected to he very slow, if' it

occurs at all. Ini this paper, we present our initial experimeintal study of thle field- lnduccd

CVoIUlu tit in of str tu eif i oni id ispe r-se fe rroil aid emiulIsi ons c on iined in a cell ha viiig a
thickness of' about 25 pin .Ihe chain formation and coarsening are meausured by
11onlitoring thl% evolution tit dillfractonil rings., The results show that thle ring loninatiu)n is%

comnp lete or rechelis sat urati in Iin Ic ss than t0.5 seconds after thle appl ieati on oft the magnletic

fi el d. Hich Ii iritat ioi tint chain% and their coiwnrsiiing Larc inuidsti ngu isha ble fori this strongly

ci m ftined systemn. I uithennotie, thle satto ationl time f the' StruciII1 oie to inatiOll Was fo und to

he basically tnejitdiit01 A the volunicietractions ovei the iatige studiod. t0.015 t (1) .13.

2. l~xperimeii

Il out csperiinent0IS, small nionodis11perse tenI-0ofLuId iiiuioit01 is used. lIe sampIIle

I-L all oil Ill wate I eutt 1I sOn In whtichI kcen se ire ditwp lets, containi a bout W7, vol Lime of' iron

oxi de grains I ~ai ti gaii hias anl ave age- diameter tii Ix iA and a pe nomanen t magne tic dhipole
ito111inet iOrrespu~indig ito a ,illglV magnetic dOntaill. Ili'0 lthiitiplet.% h~ave anl aIverage
dianCieti 0i I p) 5 w i ilWth ii standard deLViationl ut le than 005 lpm. 'Iheiref'ore. the

d roicitets are es-sentially mlonkidisi cr-sc inll both ,[,,c and nilag netic in ii tie nt . I het ad san tagV IS

that thle cliiiulsii) in doplets act: a.-. har-d SPIheV1 itstinlte a hse tee of a in agnet ic t~ie Id and acq iii r

iiiagnietic di pi-ioes wheni a nmagne tic tI Icd is applied. Moreover, thle i ntcrac ti ot Strength call
be ci nytriiiled by thle ninagnit udet ol tile applied liied
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The oil droplets are stabilized by sodium dodecyl sulfate surfactant (SDS) and arc

dispersed in a density matched mixture of D20 and water. The SDS surfactant

concentration is set at 0.015 mole/I, which is about twice the critical micellar concentration

(CMC = 0.008 mole/I) of the surfactant. The sample is prepared by applying the fractional

crystallization scheme to an initial polydisperse crude emulsion 4 . The emulsion droplets

are stable as long as the surface charge is maintained. This is accomplished by keeping the

continuous phase surfactant concentration at CMC5 or above. The repulsion between

droplets due to the surfactant coating has an interaction range much shorter than the

diameter of the droplet, as long as the ionic surfactant concentration is kept also around

CMC. In addition, the droplets arc almost non-deformable in the limit of small osmotic
pressure5.6. Consequently, they can be viewed as hard spheres.

One major feature of these droplets arises from their super paramagnetic behavior.

In the absence of external magnetic field, these droplets have no permanent dipole

moments, as the small magnetic grains within each drmplet are randomly oriented due to

their thermal motion. However, once an external magnetic field is applied, the orientation

of magnetic grains is slightly rotated towards the field direction, which results in a dipole

moment in each droplet. T.,ctefore, the magnitude of the magnetic dipole moment

increases with the strength of the applied field until saturation is reached. Consequently

these droplets interact through dipole forces which can be controlled by the magnitude of

the external field 7. The strength of this interaction can be conveniently described by the
coupling constant AL 8, which is the ratio of the contact dipole energy of two adjacent

dipoles to the thermal energy:

= Ed/kT =,tt,= 3 2H2 /18k7.

Here uo is the magnetic permeability in vacuum, a is the radius of the droplet. k is
Boltzmann's constant, and T ;s the temperature in kelvin. and X is the ferrofluid

susceptibility which is 0.4 in SI units for our sample and for anl applied field ranging in

strength from zero up to 400 G.

The behavior of tht. ferrofluid emulsion is studied using optical microscopy and

static light scattering technique. The sample is loaded in a flat thin cell having a thickness
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of 25 ± 5am. A homogeneous external field is st perpendicular to the cell surface and is

produced by a coil to prevent the magnetic boundary from forming image dipoles. The

applied magnetic field is varied from (I to 380 G (A = 107) with a rise time constant of 80

ms. A pair of car batteries is used to supply the current to the coil. The static light

scattering measurement is performed using an air-cooled Ar ion laser directed perpendicular

to the surface of the cell. Scattered light is displayed on a screen behind the cell, collected

by a CCD camera, and recorded by a VCR. A LED light indicator, controlled by a switch

which turns on the magnetic field, is put at the corner of the screen, which turns off at the

instant when the coil becomes magnetized. The signal from the super VHS video tape is

then sent one frame at a time to a Macintosh computer for processing.

3. Results

Figure 1 shows the evolution of the scattered light intensity measilred ;,s a function

of the scattering wave vector, q, over a period of two seconds after the magnetic field is

applied. In Fig. I the scattered light intensity is azimuthally averaged ;ver constant q. The
volume fraction is 0 = 01.3. The scattering wave vector q is defined to be 4n*Sin(0/2)/X,,.

where 0 is the angle between the incident and scattered light inside the sample and /(, is the

light wavelength in the sample. As shown in the Fig. 1, at t := 0 the scattering pattern is

essentially flat, conr esponding to a liquid phase with droplets dispersed randomly. At t =

0. 1 s, a ring appears in the scattering pattern. The peak intensity of the ring increases with

time, whereas the peak positiov, qmax. of the ring decreases with time. This indicates the

occurrence of the phase transition from a random to a partially ordered "solid" structure.
The new structure has a characteristic length scale, d = 27E/qlna, which grows with time.

A.fter one swcond, a weak second ring at a higher q than qnax start, to develop in the

scattering pattern. This ring is believed to be the second-order harmonic of the first, inner

ring. After two seconds, no further change in the ring pattern is observed, the structure

Treezes."
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Fig. I Scattered light intensity Ouihitiary unifiL) is azilnatlially averaped oiver Constant q
and Plotted as a hntIet im) NF seal tering wave vector. q, o(r vairiouns time after applyinig it
tIlagiletic Iheld. 'Ilie Itoaglittie leld It is applied iat a .tp luncliolt Fromo 0 to 19(X i (A )
107) with it rise time less Umon 8(0 ins; the volumec fraction 0 used is 0.03 alnd the cell
thickness L is 25 jLun.

The growth of' the solid structure is mecasured f'rom the peak positionl. (11x inl
scattering pattern of Fig. I as a f'unc,.o~i of timne. Fig. 2 shows the results wvhereL the saint

nleasuremlent is perf'otmed f'or other volumic f'ractions. These data arc very diffIerent hiorn

result% obtained by others in less con fined or unconflined syseml~S'-2. First. q1 ~decreases
sharply and quickly reches the asymnptotic value (1, at I ý I.,: bore 1, 0.5 , instead of the

1t0 mmi or more exhihited by the co~ar-sening of vet-y lonIg chainsIS1.2. This mecans, that the

phase transition fr-oi a randomnly dispersed liquid phase to a partially ordered solid lphasc

occurs with in (0.5 s. Second, hle IlOrmation of' chains and the coarsening -'hains to
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columns all occur withi.i I,- Therefore. from our data, the two processes cannot be

distinguished. Finally, if we try to fit o)ur, results with a power law similar to those

obtained in the systems of references I and 2, we find that the data in Fig. 2 can be fitted

hy a power law qmax - t -0,15 only for () S t !5 2 s. that i:.;, in the region before complete

saturation. Since an asymptotic value of q11ax is reached for i > ts, a general function of the

form ell ( c2A-t) + cl fits the data much better over the entire time range measured. Where

Cl, L2, and c3 are constants. c2 is proportional to ts and c31 is the asymptotic value, q0, as I

goes to infinity.

2 0 =0.015 2 0=0.'20

19 -

2 2

1.0

0.5 5 2 2 2.5

252

2 3 •1

2.2 1..013 01

2-

1.9

0 o5 5 12 2 b 2b1 1 2 5

F~ig. 2-, "1lie peak 1i•sition, q,,,,a., olbtuiiied froml F~iý. I is, Plotted ;is at !tllft'tionl of 6i111C.
It ;aso shows results l[or other volume¢ tIavioms obutinedi undecr the sil~iiitir conditions.
''lle solid liras," ' f-cittilig t)1"Ui th lurctitmqa x c 11(c2+1) + c3.
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Furthermore, by comparing the results obtained for differenit volume fractionis inl

Fig. 2. wv find that thc saturation time I., is independentL of the volume fraction fr -).015 <-

0 • 0. 13. Thc final value ofq., varies, hut slightly with volumie fracti..

Thc girowth of '.he columns can also be inferred hrom the p'eak intensity of thle ring.

111,K as a function oftime. The results are shown in Fig. .3 for the NIime range of'volunie

fractionIS shown in Fig. 2. Thc peak intensity increases sharply with time and saturates

even earlier than qjj, For 0)1015 •ý 0!• 0.082, the measured saturation time is about (0,2

S. Thus the formation of cha~ins and columns must take place during that short period.

Whereas the slight increase oft 1max inl the time period t, ! t !S 2 s suggests the tightening of'

the droplets within the columns, thus increasing the dif~ference inl index of refilection

between the columns and their surrounding fluid. For t > 2 seconds, the peak intensity is

constant, corresponding to the freez~ing of the structune..

At higher volume fractions. 0 > 0. 12, Fig. 3 shows that the time reqo bed for

structure Corniation extends to (0.4 s. so that the slope decreases by a faclor of two

compared to that at lower volume frac-tions. Therefore, it takes twice- as long to complete

the initial structure formation (or 0. = 13 as for =0.03. If* the rate of chainl-chainl

coalescence is constant, a larger c:olumn should requiic a longer timei to form. Intuitively.

we may attribute the difference inl risinlg time inl 'fax to the siz.e of columns, formed for

:'cse two volume fractions.
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(a)

! (b)

Fig. 4 a,b. Microscop. image shows the cross section of the structure after the final
uragnctic field H = 380G (A = 107) is reached and the structure freezes. Here L = 25 tun.
amd the horizontal width of the immage corresponds to 80 prm. (a)o = 0.03. (b)o= 0.12,
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Fig. 3. The peak intcnsity, I,, obtained from Fig. I is plotted as a function of time.
Results for other volume fractions obtained under the similar conditions are Also ploitcd
for comparison.

Figure 4a and Fig. 4b shows the microscopic image of the final structure for (a) ¢
0.03 and (b) $ 0.12 after rapidly applying a magnetic field to the sample. A cross

.section of columnar structure is observed at the lower volume fraction where the columns
have equal size anO are equally spaced. Similar columnar structure is ohservcd for 0 up to

0.082. In contrast, a worm-like patterrn is observed foi 0 Ž 0.1. The area of each "worm"
in Fig. 4b is roughly twice the cross section of a column in Fig. 4a, which may account for

the difference between the rise times of Imax for the two volume fractions shown in I ig. 3.

The structure evolution shows an intriguing scaling belivior. If the intensities of
Fig. I are normalized to tie tpcak intensity, 'ajax, and the wave vectors normalized to the
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Fig. 5. The daita of Fig. I eploitied with I tionalied to 1il1C fcak ilntensity. aIn hd 4

to Wie pcvak Pix)sitilol. Lit,,

Another interesting scaling is Lound when the function U, delined as the peak

intensity multiplied by the square of the peak position. is plotted a." a lunction ef tine. Fig.

6 shows the results for 0 = 0.03. For t < 0.2 s, G increase linearly with time; thereafter, G

is independent of time. The same results are also found in other volume tractions up to

0.(082. At 0 = 0. 13 the linear region extends to 0.5 s, after which a constant-G region is

observed. Our result is very similar to the result found recently in colloidal aggr,.-gations').
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Fig. 6. The €Iata of Fig. I show a linea" increase if: (i = I1116 q2l,.x -it earlier times and
level off to a CEns Ant value at later times.

4. Conclusion

Our initiL"l experiments demonstrate that the confinement of ferrofluid emulsions in

thL applied field direction strongly affect, the rate of structure evolution. In contrAt to the

long time (- 10 min) required fur chain-chain coarsening in others experiments 1.2 with less

or no confinement, we do not observe the coarsening p-ocess to be the lone process in a

thin cell of 25 pm. The strong repulsive interactions between short chains or thin columns

prevents them from gathering. The time taken for completing the phase transition is found

to be less than 0.5 s, which is much shorter than the 10 min observed in ER fluids, and in

MR fluids in larger containers2. It is the relatively strong dipole repulsion between
columns, which prevents the columns from coarsening further, that enaibles the sample in a
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thin cell to complete phase transition much faster than in a thick cell. This hypothesis is

also confirmed by comparing the microscope images we obtain with different chain

lengths. The column width increases with the chain lengthl0 . The rate of stuucturc

formation is essentially independent of volume fractions in the range of t.t) 15 :-- •! 0. 13

for fixed cell thickness. Very good scaling has been observed in the relation between

scattering intensity and scattering wave vector dur'ing the structure lonmation.
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U 0 * (r.') W*'Yu (Z: + -os.ujt e.,; (12)

where w* is tice d imencsion less frequency and -yu is the strain amplitude.
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wto'r Q~ is~ the opiziibrimni zmiiodils arl~iq~i froin a c jIstiol rmk"i Mo srs.

3 Experimental

I I izoi ogi cal experien 0lIts were pci for ied uisinzg a 20 wto sus1p5jension of aluiti zii a Par-
ticlesi Imly( iiinwttiylsialoxai ( PIMS, Iti lb, ij, = 0.485 Ila s, p., = 970.0 kg/li' ,
,.= 2.75). 'I'll(' dielectric conistanit of alumina is founid ill the literature ý)to lie ini the

ranlge 8 [U; for this Atndy, (, wats assigned a valuie of 9. '[hle precise value of (,, 'dtoes

not1 iInllieic(' the qn;iiiiTWive '('silt Kme(5~Ciw ini ThiS rePMrt siuit OWe 81111 aduiiia

p articltes wen,' used ini all of the sos petsiix 51 heaic thu iIa particles we I re l W id w ilii
ai n ior tar ainId pest II' and tihe'n s~eved to 06 tauini arae(tjul of' particle's wi~th chiaraceter-
istic dtimiensioins in the ange (If 63 90x I&i n. 'tIle Alnilio lPatiMl Will spreal

oni ilet i dishe andC he( i(atedl i11 a1 Vaiilt 1111oven at 80 C' for bi 8 hou11rs toI ICOlove lilost

orf till' water, and then added to tli'' PD1MS. C ontact with air was iniiniiiizeul durinig
sus pension11 p repara~ti oil. The sus8pensions8 We're sub sequen tly stolred in a (lessicator.

I I ivoiogicai e'xpermn iIits were, perfor iIl ocil lit alohl iii Vol C) ivoileo iter. Ii odi tied
for till appi )1cationl of hlage ci eeLric feld s acrloss the parlallet plates. Thiis systezil

and1( repolrting the ill phase51 adli out oif Illiasc componenli'Its at the' fundoam~en~tal freqluenlcy.

Po
1 te'nItiat d ifferencles were sUlppl ie~i by at Stalnfo rd HU SeaCiik1 SyS tellis fi l~tLion gezi-

elator (illodel DS3/15) and1( amplif~ihed with a Tll.l'; high voultage alliplihier (zImllel
10/10i). A Ii eieetrie fietld fI'lqoeuiey oh' 500 Ilz was used( for all ie~xpeorimentIis.

A fter loadin g the samiptle into thll rlieoiietz'r, the de'siredl clectric field Nwas appliiid
to Illt isuspens1 ion for ap prox imaltel'y M1 lliiliitis to oibtain it sa tic 1 strI'uctuoie. ShieaIr

Illoduli %VIII' then obltained by perfolrm~ing straini~ sw'eeps tij) to at Straill ;1llI 1 )hMItil( Of
HM.02 ihm We11 Ltl'cIIrv(s, muril~l ski ra l Piatcaus Iicoul d beI idenIitifiedl, r(I)reswrit inzg till'

Wa ior rIsponls( (see Fi g. 131 frw an (wa h~l oi (f one of LI 151 st ritin smy ThV'')8 Iiree
repli catl's were peirform~ed for eaeti eXlIerillli'ilt to enIsure' reprotlduhibility. ForII clnsiSs-

tl leny, ('xpermn 1111ts at the l argest deired fiell ltd st e 1gb i and111 sal telist d~es ire'd oscililat ionI
frequenicy were ja'rfornizid first. Subisequein'It expIerimntsn % v('rc theni plerformedl ill slit

4 Results

4.1 D-i-ren~siour A-wilj~i-sm

l~ioezsili1t naysi (f Es.(7) (t13) p~ro)vides iiiefizl inlformzationl, Witthout perforzuillng

any Sjilnaiohliti~L;. ll~Ins'tt6i.~ of these8( equlationls re'veals thtii for litlear dvliornlatiozlrt

(il', p)articeh tI'aji'ctoireitat ane War l'fil the strainl anmplitudle 7,J) , tieime lnllsionlil'
riel'ol(gical response'II iist beit. fulnction (of onliy the' diIIl'lesioInh'8s frequency:

3 G(AKOW(6li((,J ¼}liLzJ
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f.2 1(17)

i.e., 0;" - fl(w') and G" f 2(w*). Dimensional analysis does not provide the
functions f, and f2, but only indicates which var-iables tile dimensionless moduli
must depend on.

To test these predictions, experiments were performed using a 20 wt% suspension
of alumina particles in PDMS as described i, the previous section. Shear rn:duli
obtained in the linear lirmit are plotted as a function of frequency in Figs. 2 anI 3,
for electric field strengths ranging from 300 - 2000 V/mmrn. Uncertainties in moduli
values are approximately ±10%. These data are plotted again in direns~orless form
(as suggested by Eqs. (16) and (17)) in Figs. 4 and 5. These figures show that
the dimensionless moduli at all field strengths collapse onto a single function of tmhe
dimensionless frequency, as predicted by Eqs. (16) and (17). As shown below, the
shapes of these dimensionless plots are also in good agreement with predictions frrom
simulations (See, for example, Fig. 9).

As mentioned above, dimcnsional analysis does not provide time functions hi Eqs. (16)
and (17), but only requires that these functions exist; these functions must be ob-
tained by solution of the governing equations, c.g., by numerical simulatiori. Sirnu-
lation results for various model suspension structures are described below. Hlowever,
the scaling relationships obtained from dimensional analysis provide another benefit
for probing ER suspensions. Most rheological techniques permit investigation of only
a limited range of frequencies, due to deformation and stress (torque) resolution, the
natural frequency of the rheorueter, and space limitations. Electric field strengths
are also confined to specific ranges due to limitations of the power supply, dielec-
tric breakdown, arcing, rheometer resolution, and electrode gap widths. Ilowever,
dimensional analysis suggests that the field strength and oscillation frequency appear
as independent variables only through the combination W/'. Ilence, dimensionless
frequencies can be probed over a much larger range than the frequencies themselves
through variation of the electric field strength. This is illustrated in Figs. 2-5 where
frequencies are sampled in the range 0.6 < w < 30 rad/s, while dimensionless fr'e-
quencies span the range 0.3 w* < 6 X 10'. This scaling is related to the Mason
nlulnl)ei scaling of the steady shear response of ER suspensions: aind was referred U.
as "Lime-field strength superposition" in ref. 14].

4.2 Simnulation of Momodisperse Suspensions

Consider first the response of a model structure represented by linear strands of
spheres aligned with the electric field, connecting tile electrodes (N = 10, L•. = 10,
L: = 10; see Fig. 6). For this structure, tire storage modulus, G'(wo*), is essentially
independent of frequency. The loss modulus, G"'(w*), is negative but negligible;
the magnitude of the loss tangent, I tan 6(w*)l IG"(w)/"(w)I< 10-3 for all
frequencies. This simphe response is due to afline sphere motion--each sphere is
displaced in concert with the ambient shear flow at all frequencies. lHence there is
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r'iglrc (i: D~ynamoic oscillatory response I'm ai sitiel sphere-width chajin spanniing tihe eluct~rooe gap.

l10 iiydrldiI mlYliti resist ailce anid nio iiiechlaiisiii foi. ri'laxatfioii. Sincve the' sispvi('sitiel

struct~ure is independeint of fr-equenicy, the electrostatic st i('55 (EIq. ( 14))i and lience the
mnodul i. areý in de penden t of' requivi icy. [it is jioted ital. there is at nIegl igiblhe relaxatijol
associ atedl withi thel sli ght, 11011 illIe mI otion of t i~ spoheres at tached to alt e lee tr10(10
Thiese s phIeres are Forcoed to t.ranislate w i th the eloct rode, wh ile Ithie anihie n'it fluiid

dis Placelliviei i at. thle s phere coitIer's (Ii frer S ghti , y from i thai. at tile electrodles . Thlis
ehieCt ( a5(5 21sphere Iliotioli to slightly lcoad lii appiliedh straini (at thc topl electrode),

produiniig tle il('gfigiitie. liegativo' loss iiiodiiihns.]
'It'l( htlutimtl Iresne h~ott i Fiii g. 6i is ain ov\'ri'i ifivd represenf')i'5'Itationi oI* the slxtic-

tiiries ('(lilt i 01 v oblsiervedh ill ittoclt'rate .0 :Iiglihy eonec'iitiatet'i Ill. 5lIiiisplio~l5 ('I tllumns
of p'art ides., scoveral pa" tic~c lawide. arei oblserved1 to spalll 1.11t'(I((. elec ( I gapo, its opi

posed to sin0gle peal--cli aii St rictuores. Conisi de r next thei'i~ repos JI l 0(0 iota50 s jl('li5 0

st ru ctutre represen ited by thinck cl10sters, each ci oimposed (If' th I('pr(V (illS s-inIgl('-5ilie le.

widthl strand with two additional strands platcedi aliong ieachi ,ide( of tilt original strandl
(N =281, it) 1, !L- =i1; see Fig. 7). Thie i~retfoelly dilit(lidellt ntiodnil For this
struietore are pieesvited inl Fig. 7. 'Tle loss modulus scales ats -~(w ýý at low
frlequieilei es and as ("' w - I at large freq C(ilel 1CS, l~aSSill g t ii -OtIghiato Maxit1111111

Rlt a di itiejisiotiless" treqia'icy of "*z25. Near thiis freqitiuncy, tie' torage it odilits illt-

e ReaIS froii a sm allI frequenclly plateau, (;'*(h), to a hiarge frequiten cy pl atevai, C '' (Oo)
SiiilIlatimils perforlied at -y, = I (V3 

give ienoitical results for this strlcitire, tiiiatiiig

;L Ii hear, res poseiis for. -y,, :ý 1(1-: (atnd plerhapsi larger values). IIToe shiap es oft lie sit tall
fr-eque1(1icy portin o(10(f tile cu1rves presented( ill Fig. 7 (w* < 10), are, conttsisten fWt wit thei(
shtapes (If thle diminens ion less 'x permnte ttaf nioduili curves p1101011ti' ill I'igs. 4j and 5i.
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Figure 7: Dynamic oscillatory response for i. thick 28-sphere cluster. The solid lines are cubic spline
interpolations between the simulation data points.

This thick cluster exhibits a significant, sharp relaxation, whereas the structure
represented by single-sphere-width strands exhibits none. Relaxation results from tile
addition of the side chains, as this is the only difference between the thin and thick
clusters. The relaxation mechanism becomes apparent when the motion of individual
sph(;res and the overall deformation of the cluster are considered in tile small and
large frequency limits.

At very small firequencies, deformation is completely determined by the spheres
attiched to t lie electrodes-hydrodynuamnic resistance to sphere motion is insignificant
at tILese small deformation rates. As a result, the net electrostatic-plus-repulsive force
on ei:ch sphere not attached to an electrode is zero at every instant (Eq. (14)). The
extensional and rotational components of the quasi-static deformation require that
spheres in stress bearing strands deform affinely (with a slight correction described
above', while sphere displacement in tile side chains possesses components ii both
the x •nd z directions. This motion is depicted in Fig. 8, where the displacement
directions of a particular sphere in the right side chain are shown.

At a.rge frequencies, the motion of spheres in the side chains is significantly dif-
ferent. Here, hydrodynamic resistance controls the displacement of each sphere. At
a.,iy particular instant, there is still a net electrostatic-plus-repulsive force component
in the z direction, but there is insufficient time during a half period of oscillation for
the sphere to move in that direction. This time, proportional to l/w*, vanishes as
ao* -- oo. As a result, each sphere displaces only in the x direction. This situation
is also presented in Fig. 8, where the displacement of a particular sphere at large
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o*<< 1I) >

Figure 8: Illustration of the dynamic structures of the siiahl and large freqiuency limits for the
28-sphere cluster. Thl.e arrows represent. displacement directions of the electrodes and a particular
sphere in the right side chlaii.

frequencies is shown. Motion is afline in this large frequency limit. However, note
that this is only true for spheres interacting through continuous repl, Isive forces--for
two hard spheres in contact with different z positions, at least one of the spheres must
be moving relative to the ambient shear flow.

Thus the dispersion depicted in Fig. 7 is due to hydrodynamic relaxation of clectro-
statically driven spherc motion, providing a frequency-dependent dynamic structure.
As the shear stress is simply a summation over position-dependent pair interactions,

the stress, and hence the moduli, will be frequency dependent. The critical frequency
marking the loss modulus maximum is directly related to the characteristic relaxation
time, which in this case is just a fraction of the time scale t.-ie. The peak in G"*(w*)
is pronounced because each sphere sees essentially the same environment, and there-
fore the response is dominated by a single relaxation time (factors that broaden the

dispersion are considered below).
Although similar in some respects, this hydrodynamic relaxation mechanism is

significantly different from that proposed by McLeish et at. ", who attributed re-
laxation to the motion of "free strings" (sinvle sphere-width chains attached to at
most one electrode), In their theory, free strings deform affinely at large frequencies,
but are able to relax at small frequencies due to the electrostatic forces, thus pro

viding a relaxation mechanism. This mechanism is only likely to operate at small
concentrations where thin, unattached chains are likely to exist. In contrast, the
mechanism presented in this paper occurs within thicker clusters and hence will be
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Figure 9: D)ynamnic oscillat.ory response for a 250-sphere structure. The filled spheres riepresent
periodic images of the open spheres. The solid lints are ce Ibic splime interpo I•ations betweln lithe
simula.ioii data pIoilts.

active especially at mnoderate to large concentrations. It is bignili'ant, however, that

hoth IlltechallSlilS arise fromi the electrostatic piolarization molel for ERH. suspi(en sions,
and do not rely oil fiber rupture -dissi patiot:. is realized aL infinitesimal as well as
finitec train anplitudes. It is also imnportant to note that relaxation of free strings is
capt)ured by the present model-- however, onily relaxation ol thick clusters typically
found in con cenittrated sUsplensions is considered in this paper.

The rlieological response presented in Fig. 7 is chlaracterized, to a first approx-
ination, by a sharp dispersion with it single relaxation timne. E'xpleriieutal results
reported in the literature typically do not exhilbit this type of bheliavior- -lespl)onIsCs are
somnetimeiis relported to be insensitive to s train frequency 1.12 while Iil oth er situatious
modluli values incrtease or decrei•se withI frequency ii,11. We hi ave simulated the
response of variolns struct ures, in addit.ion tto those l resentel.d in Figs. 6 atnd 7, in order
to d(eterlnijle if the variety of responses observ,,d experinmentally may be explaihed in
lterms of various clustler sizes and Shapes in the linear response of tionodispersie EiR

Suspensions ,. The results of these shiulationis ate illutstrated concisely in Fig. 9,
w here tihe sin'.ulitted response for it suspension structure touteining a dist ribution of
cluster sizes anid shalt.pe n lpresente(.

250 spheres were placed ranidomily in a two-dimensional simulation cell of dimen-
sions (L., L;) = (50, 10). A fibrous structure wits formed by integrating the equations
of motion with u'* = 0 until motion ceased. This structure was then slheared slowly
to a strain of 41.0, followed by relaxation to at metastable structure (see ref. [171 forit
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(l(s5(j 111011 of siMllllationis 11it1l44. steady slar1-cla1'il~txitoit). 'lThe freqenlc ,y lcetntleviit.
10101 ti~itdlatl. (l does not. be'omett b~roadler 15as itt'icllt of 1.1- Various clitstiv't sizes and(
shapes present (Fig. 9) A idlitional silitiulat~io s ill three' ilttttitsioii aso c1( xlolot. Muon)

(lispriiCt ll(s, indcicatinig t hiat this obsl)5(iV ~iott is ;.ot. all artifact. (of Sililltittoiis ill two
(linticuiontiI. W'e 'onIclu~deI that tlottodispcrs(' s-uspenlsiolus, con forming toI ILike b)(ltaviol
respsis tied by our model, CXljibi t a shtarp rclitxatinit ( i. ., (,*U'( ) in~cf OustS fronm
at low ft Q(fii~ii~y l)lat.(itl. to it large' fre('(1 tncy platcau inl 2-3 (IccadIes) tunder litear
oscif latory tickwirtiatioti. B~road dlispe(rsions muitst a(rise' from feattturs not. jtltlchidd ill

the 1 )n'setlt i 10(1(1. Below we towsidi.t wor suc reall c'ities: Jpolydi.Npersity il101 nitltlini-
'hr dleformaotionl. Other features thiii mitly influen(lce the hroadtltl of tdi:I)('rSioi I ifitlidti

pveii1(Ieie( ( For iistalole, dioe to the j010iiose of. charge carrier-; mid( toolndutiott ).

4.3 Influne ace of Polyd'i-spenq~iy

Simul11at.in g tiedll 'naitic ICoscilltr II 1105'105V)I1 of pxdyd isjerse suspelso 100s is- Stia(1gut.-

forwud:k spheres of Various" sizes are simpt~ly plac'(I ill the sii ilehtioii cell, and( stize

teractioli l((tmveII sphereS Of dhi fer('tC. iliaiii(UTer is IS (SNtttialhy i( (11C SlIlt II' dm(t~ . for

two stplier('s of bLic samei( size (inl the po~ilit-(ipo0I( hiljut). liii dipuaila Ilat~itit ofI thei
iiltt.C 001i is~ IS (((i tit-ailtn'd for all 10510i t~lsize ilitios \, 1,tT, = but the Iitagtiitihdc

of the( ilittetattioli h)(coiltt's a sensitive hln 1,ioli of this (hiallivitAr ratio. Ill fact., ill the'

limtit as Ai3 -* 0 ori oo, the mlagnitulde of tike iitttu'act~ioii Vantishess, Considering the

rolle (If veletltlot~atic interactionis illOf tn' itoitahite afhjite trimsit-ioo that controls thel

r'l ax attionl process, we e'xp ct t ill' prtescicct of sp lieres (If di11k reit si/t' to 1)101 lo it

dispersion that. ivs broader t1talt t. ta observed fot. it tllt~lodiSpefrst' stlspol'sioit.

'I'lt responise of se'v'i'u1 biudisperite suspensttliont s'trtitirt's werý linvestigated I Iit ref.
[7]. ITie resj)(itse for oi111 realiz/at~ion of a it Iiiisperse sutsp~ensioni st-rulcttilre is hlres('1tve(l

ill Fig. 10. Witht i ill' Sth siiitiatioli (1(1, two large spht~iers (aT = 1) are tpla ditell ot

ha'( electrodes. Ihi rteetl sotall s ph eres (ryo = 0.2) are placedI bet~ween Likte two large
splitres, forming a citist-er sltlihar inl shape to tie cluster presetitAo ill Cig. 7. Thel(
"silt lulat( ( oscillatory response. ittit'ed exhibih"its a Iroader lispersiort; the loss niloduillits
(C'*(w') possesses11 two miain0 peak". Bty considering Hit Variotus 1 otltribut-ions to thte
electrostatic strecss, We Itve Vd etertmitned1 that thte peak at smt all fr~qe nc11'it es ari ses frotmt

the electrostatic interactionis betweeit smiall and large- spheres, wl~h, Oit' l pteak at. large
freqoetlicies arises frotil tihe interactiont hettweit stimill sphere's 1. As Olte diffe'rence inl
diai (1'ters gets l arger, the p)eak arisittg from the inte ~rac titon b et weetn sm1 iiatl t largev

sphleres miove~s t~o smial len fic~mtt q0(111 . H owever, the' magni tudte of this peak als d51te-
Ci ('0511 all tOw (lii) l te IMI- differeuce itncIreases. As a resulot. the intfluten ce of di auictte(r
diff~erenice oin disper'siont brtoadleninug is restricted . BlY Conisideriing thlii response (of seV-

cral lii Iis porse st ructutoes, it wats (onc(111((1( il iref. [7] thist thte pol y tI s )ni tly does not
signlificantlIy 1 ro(iden the d ispersiont (iI aliiVe to respoinses observcd IFor till ii l ese
suispen tsioins.
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Figure 10: D)ynamuxlic oscillatory respoasc for a bidisperse cluster.

4.4 Noniinear Deformation

The simulated steady shear response for a two-dimensional iltonodisperse suspension
is prescnted in Fig. 11. This curve was generated by performing simulations on tenc
randomly-generated configurations, each configuration containing N = 50 sphercs in
a simulation cell of dimensions (L,, L:) = (10, 10). The equations of motion were
integrated with u" = 0 until all motion ceased. Simulations were then performed
with a small shear rate of .y = 10-'. The shear stress-shcar strain data presented in
Fig. II represent the averagc over the ten configurations.

The response presented in Fig. 11 shows a linear region for shear strains less than
a "critical" value of - •z 4 x 10-. For larger shear strains, the response is nonlinear.
The onset of nonlinearity is associated with slight rearrangements in the suspension
structure; two such rearrangements are depicted in Fig. 12.

We note that the rearrangements we have seen in simulations can be either re-
versible or irreversible, depending on the ultimate strain amplitude experienced by
the structure.

For these nonlinear deformations, tile rheological response depends on the strain
amplitude as well as the oscillation frequency. This is illustrated in Fig. 13 where
experimental strain sweep curves [G'(w, -0) as a function of -to at fixed w] are presented
for two different situations. A strain sweep carried out at a large field strength of
2000 V/mm and a small frequency of 0.063 rad/s is represented by 'he circles. For
this situation, we observe a linear region for strain amplitudes less than 3'0 y 10-3
followed by a steady decrease in the apparent modulus with straiui amplitude. At a
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Pigure 11: Stress-strain curve for a two-dimrensional inorrodisperse susperision. The data averaged

over tile ten coiifigiiratiOris.

strain amplitude of jo = 0.02, the storage modulus is nearly 4 times smaller than
the lDncar value. The inverted triangles represent a strain sweep performed at a
smaller electric field strength of 300 V/mm and a larger oscillation frequcncy of 31.4
rad/s. For this situation, the response is essentially inrdepenmdent of strain amplitude,
decreasing by only about 10% over the entire range of amplitudes. It is clear from
this figure that for small frequencies, the dynamic response is sensitive to the strain
amplitude outside of the linear regime.

The difference between the two sets of data in Fig. 13 can be explained in terms
similar to our description of the nonafline-affine deformation transition. At small
frequencies and large field strengths, deformations in the nonlinear regime result in
rearrangments iii the su ;pension structure. These rearrangements are due to the
electrostatic forces driving particles into postions where the net electrostatic-plus-
repulsive force on each sphere is zero at every instant. At large frequencies arid/or
smaller field strengths, these driving forces still exist (weaker in the case of smaller
field strengths), but there is insufficient time during a half period of oscillation for the

rearrangement to occur. The precise set of conditions causing the transition to occur
will depend on the relative positions of the particles as well as the strain amplitude,
and the transition may not necessarily be sharp.

Dispersion can be interpreted as a measure of the difference in rnoduli values
under different conditions. In Fig. 13, the difference in raoduli at two different strain
amplitudes is represented by the bold arrows. These arrows illustrate that the moduli
difference, and hence the dispersion, is a function of strain amplitude. The influence
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l'igure 12: 11 virraiigeiiii'iit. tit mispvtigionil str ttture (I te to sheanr. (a) and (b) demiionstrrd-e r.-arrnihugv-
mnI wI ii Iell two vItist, rs ;iggregiitt to) rormit ii n :Ivu Ili'lster. (r) an d( (d) dvihbiwnsl raI ' a jeversibi.
i varranugeiien I %v were (tie lop) sjulue in (-iell iut, dv. q. parates 1rein two ol' i I. iwearesliwnigb Ihons.

oh, st-railu aipiiii)ttoi( Il 1.1 Ilrath olfi disprso ulNisi~i pris(Iiiti( ill Fig. HI, where (In(
(ltiiQ(Aiioiil(CSS St0PiLg( (ilIOilius is pJO~(l (iSe asi futiitiioll orf (Itimelihisiilm's freyqonc,

for expe j)iil lillal data. liI'l opeli symbilols representl t-he respjmmse for storage htdilaloi
lliiisiiIC-e ill t-he flinjit of ?(,ero st-rain (i.e., ithe flneat resptontse). Thei I('iijottS( clibi)b

it suiall frequoneny plitatea extenin~ilg over hnti~t 2 (jevades il dimen'usioniless freqwuency.

vvithi the (Iitltltien ioliess uIiodliis ilncreashig wvith (ilinmusionleoss flequelncies For valmuu'
abo~ive LIJ ;: 0. Tihe filled symbiilols rt'hirosci(it the iishiohisi vvIleie tine uiiuiuilih weure

iiii'iu1itd att, vam ofhi( 1()i =~ 01.02. Ili this Cis, t(l i me nslihi oniiiless iiioduluisi appewars
to Iicrelisc with1 (ilicisi'1(i(es. rrecqueiioy over(h eu it ire ranLlge (t.:t < wO < 6i X 1()2.

1 hence, tin' dispersion observll- For experiuen-Its perforiu-d ulitsid' of I t'lielinar .egimne
is sigmuificamntly broadier tiani t'llil obsor'vedvil wihinl thie Iiuii'ar ru'gihiie. Ill tle previouis
sect~i(Jl, piolycispciixity wasH foiii toi haii all W inisignifiicaiit. iliihieiiie oIil tile breadiit

of dispersion for' linear (leioriiiatioui. It. is not. clear att. thi s pointtvilvwhele or [lot

tiolydisperi"LY vviII influe(n~e (Iist)Psioili Iuioadiiluiiig 11(1 linde ollwl e fr I'iihiitji(Ii.

5 Conclusions

This sthiidl has Considered tine Iyiiauiliic responlse of HRt suspelisiolis, emplohuyinig tooth
s:tuimlatio and1 vil~ e erjinwteial tecloiuniutuie. We flvd that relaxaitiotlis iS sociaii~til With aI
I rans~itiomn ill tli' iiyiaficuui stricluire. At. small frequentmcies, sphereI~ nlotioti is dominaitedi(
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by cloitrostilLic ad10(1 reitsivo fornes, while at. large ItI'(pII('Ii-i(, molttion is (lolIioitatedt
by hydlrodlyniamic fo:-es. Dini titesiolial aluillysis pl-relict~s that0 thle di tclusjioitivss re-c
spoluse Sillilld tlpeiti only oii the dtimlensionless freqiteilcy for linear. deformalitioni

whi ch is confirmiied by rileol ogi cal ex perimentt, oil alit onna suspensionI s. SiiilliatiiIlls
predict. thait tile IIilicitit retsponse of bioth 111010(1isperse anid polyd ls ' ii' s spnion Is
sliotihi exhlibi i, relatively siiiarp dispiersion~s, while iloililicicar deforiluttioll is cilpahile,
producI in g Sign ificanltIy brioader disipersion s.

Tile tliul itti t )1 t'c hitiqu emt'CIp loyedill thIis si.tudy is ;mused oil the elect rostatic p0-
I arnsat ji I niechi atis I of the~ ER l respjonseW. IHenice, We' expec t the Ic onclus iionis tot hi
applicable to suspensisons conlotl-mli g to this tmcclianlistii. For examrple, theI'electro-
static. pol arization ii 11111an is ili predijcts tI att. tile dy namioc yield stt Iss shtould va1ry ats
tile square.0 (If the electric helid strenlgth; such~ slispeitsitoiis are eXpecteul tot hi'hivt'v itS

(describedt inl this repCIort..
Thle impliemIentationI of tile electrostatic p~olariz'ationi tIiodei I ier treaits cltetri)

static lorit'tt ilili dwpoilt-diple0 linfitit ignouring higher orderC m1111 ipttle and( iullt .ih)0(ly
interac tions,. whle h Iyd rodynaitc01 forces are trmedt~ simIiply' as St lobs' dIrag, i gnotilIIg
hlydrodynuamiiic interact ionls. More ace II ati t reatmeniits of tilem. Forces are expvc'tl-edto

alter thle 111(1(1 o mtarnitudtes, anid locations of' e!venIt- ill thei freqpiviecy ultinitaill , bill1,

are. tot expiectedl to alter the qual Ii tati vi beltav ior (discu ssed I erci ii. For illstiatici, t hiis
sinlipli lied miodel producites at relaxationi lilvdellaisllt emb~lodietd ill .1 (dtiineisioiiie:ts)

f~liIy-dpiit~eiI.dyitamtit struturt~e; the tsiImilifictl fores produl a~~i transiitjioil

fromi itititafflte tltotionl at smlall freqt~ll1ttiVS tt idlilie deforma~itiont at. large frequlenlcies.
HIowever, tilet XI texitclc OF itrqee~dpzdtI structUre t ralisce' its thei level at
witi ch the elect rostati c anld hyd 1(11yl it otlie forces imr aipplrox imlIatedi Ti'l e elect rostat ic

force oil it sphere will, ill gelleral , possess at col 11)Ipoc itt i ttll thelirectiot (iif thle h y-
d rody itat ii c force wi ..V I l~ Cw 1 itcomponent perpenid icul ar to tho htydirod IymI tmiIc force.
As the h yd(IrodIynitamic furce dlepend~s o it(li oscillat itn Frequency, -,o will thli rvsulItati
force oit each splihlet, proidtin tg a ti'ttliylJetl(tt stritetitrc and (1 11 iiciialisisllt for

relaxation.

Thie trantsition froml linear to nontlinlear behavior is found to depte'id tilt Ohe. os-
tcillatioii freqiteitty, cuid fo(r snmall frequiencies, is found to ar-ise at Very stmiall strainl
al111)h i tudes( (:!• 10-3). I )efortnlat ion in thle vonll i ewr regimte pri 1oduces a significban tly
difhferent dit(splesiui that t hiat observed1 itt Ow lie no an regim0 e. 'I This is particularly inli-

por tant sitnce nost pro posed device:(s cot l Ioy intg F I(. technIotl ogy inivolvye tathle r large
delirmtIatiotlit. lu tulre work will (:on1ti nue tot probe tIIChel behavior of ER susIIensl-im~i0s
Uundler 11cli large leforinuat ions.
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Abstract

T[he phase separation into a1 hi _i-densi ty and it tow-density phase, whiich occurs alter
a st rotg electric fielId is applied to an LR fluid. is demiontst rated in terms at thle Coulombh
inieraction ene rgy of the systemI. The phase separationi is mtaniftested hy two-dimenicsional
pattern observed in thle field direction by mecans of a pair of transparent glass (TG)
electrodes. The development or phase separation with an increasing field is recorded by
anl cotnip'ter. image processing systeto consisting of a CCD video camoera. The pntients
are irregutlar and their characteristic sizes are determined by two-dimensional auto-
correlation aitproach. The depenidency of those patterns ott extertnal electric field is
analyzed hased onl stat istical miethods. Twc critical field% are presenited ito characetjee
thie electriic-tield-indttced pltzts separationt process in the FR fluid.

1. Intrttoduct ion

Thle dramatic change in rheological properties of a suspension dttc to the application
of anl external electric field is known ats the elect rorheolog ical (FR) response, whose
p~otential value has recently attracted increasing attention [I]. Art E:R fluid, genterally a
suspension of' small particles of high dielectric conistant in a base liquid of low dielectric
constant, canl be switched fronm thle fluid to thle solid stale whet n all aplied electric field
exceed~ a critical value. Both theoretical analysis and experimental observation have
shown that under a high electric field, chainlike and Columnar structures form parallel
to the field directioni. TheCse structures arise from polarization forces p~rodutced by a
mismatch itt thle dielectric :0onstants of tilte disperse and continuious phases, attld is
responsible for the FER effect.

Htalsey atid Toor (21 argued that tilte therimodynatnic ground state of F R flutids itt a
high electric field consists of a phlase septaration into a low-density and it high-dens;ity
phase, and estimated that the columns have a width about a(L/a)?", where 111 is the0 ra~dius
of dielecctric particles and L the distance between two parallel electrodes. To understand
thle behavior of the phase separation in ER fluids, computter simulation mtnehods sceem to
be. anl effective way, bbtt tail to deal with a system contsistintg of a large numuber of
particles [3]. Chen, Zittcr and Tao investigated thle phase separation and columnar
structure by laser diffraction. Their observation was in the directiotn perl)elndicotlar to the
electric field, and Confitrmfed the p~redicted hbct lattice strucetutre with in the columns 141.
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Because blanched columnar structures in ER fluids generally align with the electric
field, the formation of the two-dimensional domains in the plane perpendicular to the
field direction can supply important information to understand the phase separation. In
the present paper, we study the phase separation based on the formation of the
two-dimensional patterns observed in the field direction by means of a pair of transparent
glass 1TG) electrodes.

In the next section, we will demonstrate that phase separation into a low-density and
a high-density phase should be an universal phenomenon in active ER fluids. And then
in section 3 we will present our expcrimental method. In section 4, we will discuss the
observation results and some statistical properties of the structUte of ER columns.
Furthermore, we also will demonstrate further application of TG electrodes to investigate
the ER fluids.

2. Physical gound for the phase separation in ER fluids

In 'his section the physical ground for the electric-field-induced phase separation in
ER fluwAs is analyzed in terms of the Coulomb energy of the system. Consider a model
which has been widely used in the stdy of ER fluids. The model consists of spherical
dielectric particles of radius a and dielectric constant EP suspended in a liquid of dielectric
constant e, , with r•, > ef. When a strong electric field E is applied, the spheres acquire
dipole moments in the field direction, pp =PEaa E1 , where a,=(e,-e,)/(e+2E,), and E,,
is the local electric field. Similarly, the liquid is also polarized as P,=3UEeFo_, where
oxf=(Er-o)/(Ef+ 2 eu), according to the Clausius-Mosotti relation[5]. Denooing p to be the
local volume fraction of the particles in the ER fluid, the magnitude of the local
pola-ization can be expressed as

4-T3'p -(1 -p)P :¢°XE (1)

3

where the local electric susceptibility of the ER fluid is

+.(1-- y) 3 ,4f (2)

Now consider local electric field E,.= E + AE, where E is the external field and AE
is the field produced by polarization which is proportional to P,"r according to the
Lorentz's relation[5]. Introduce 0 such that

P~L1f (3)
E0

and then

,."
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E1,- (4)

r-(P) oEe

P- -E (5)

The totai Coulomb interaction energy of the system, including dipolar interaction and
interaction between dipoles and external field, is given by

"m q (6)

U'0  "f '-Ed- v=- -•,0  f .•X dv(
2 v 2 V rf V

Next, we will demonstrate that in a fixed electric field, U,, will be always minimized
when the ER system take the phase separation into a high-density and a low-density
phase from a homogeneous density system. Rewrite eq.(6) in terms of probability
function as

uo 0.. oE 2V.f p(qo)F(p)dp (7)2 fo,

where p(w) is probability density function of the volume fraction and

________) (8)
F((p)=- WY(8

It - Xt(,)] W

FP() is a convex function with respect to ý, because

d2F(,p) - POkO(4 2P X) (9)
d~p2  ,f 4

S (1- p xI/)

where k is a constant determined by the dielectric constants of the particles and oil and
generally ý > 0 when a low-frequency electric field is applied on the ER system.

It is easy to prove that for a convex function FP(), the following inequality is always

satisfied when p(p) ! 0 and 0
1p(o)dp = 1,

p(y)F(p)dp ...f1.p(T)Tdyj(.0)
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Defining 4, = , 0
1p(v)ýodw as the total volume fraction of dispersed particles in the

ER fluid and noticing for a homogeneous density (HD) system

P((P) =8(p -do) 0(11)

Therefore the total Coulomb energy of HD system is

III) 1 I -~ (12)
U =OD: -- eoE'Vf 6 (p - )F( J)dp = -1e,)E'VF()(12)2 fo 2

For a phase scaration (PS) system, the total coulomb energy is
PS- 1 2 (13)

Uo E - -,E1Vfop((p)F((p)dqp<Ulo (13)

It implies that when a fixed electric field is applied upon an ER fluid system, it will
change from a HD system into PS system to minimize the total coulomb energy. In tie
next section, we will present an experimental system to observe the electric-field-
induced phase separation phenomenon.

3. Expernimenl observation

TG Electrodes

Collimated ___
Projctor~------ -___ -CCD Video Camera

Light Beam

ERF Container

H1igh Voltage Supply -, PC Computer

Figure 1 The Experiment Set-up

Our ER fluid consists of transformer oil containing line diatomite particles (radius
about I ,m). The diatomite particles are mixed with oil to a volume fraction of about
0.2. The El1 fluid is filled in a container, measuring 10 mm x 10 mm horizontally and
1.5 mm in vertical depth. Two sides of the container are a pair of parallel transparent-
glass (TG) electrodes, on whose surfaces have the conductive film, which make it
possible to observe the phase separation along the field direction. With no external
electric field, the ER fluid in the cell is a homogeneous density suspension. When a high
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electric field is applied to the TG electrodes, the ER fluid separate into several
high-density and low-density regions. Analyzing the phase separation patterns
(observation area 5.5 mm× x 5.5 mm) got from a CCD camera connecting a PC
computer-image-processing system, one could obtain some statistical properties of the
macrostructure changing with the electric field.

4. Results and discussions

(1). Figs. 2-7 are the pictures of the ER fluid taken under a series of increasing
electric fields in the field direction at the room temperature, showing the development
of the electric-field-induced phase separation in the ER fluid. Two critical fields k,
and Erc were found to describe this process. When E reached 0.8 kv/mm, the ER fluid
had shown some ER effect such as the vanishing of the floatability. But it did not formed
a macro-columnar structure, as shown in Fig. 3, until E rose by E, ( 1.41 kvymm),
Since then the columnar structure had formed and the whole picture separated into
several hlgh-density and low-density regions rapidly. With increasing field, those
columns were becoming larger and larger, but still separated from each other, as shown

ligure 2 E=0.0 kv/mm Figure 3 E= 1.2 kv/mm

Figurie 4 E= 1.4 kv/mm Figure 5 E= 1.73 kv/nmm
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Figure 6 E=1.86 kv/mm Figure 7 E= 1.96 kv/mm

in Fig. 4 and 5. When E reached E, 2 (1,86 kv/mm), those columns connected rapidly and
formed a sieve-like structure, as shown in Fig.6 and 7.

0.4 0 E = -/ 90 - .... ...

-~E-03.Y3Iv/mrrm --- *- -O
0: 1.35 80.--

0.25 " 70

-0.25

0.15 c 40

3o o 70
1 2.
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0 000 101~141B00

0 20 40 6,0 W0 100 120 140 160 0 O,")00.204 0.60.8 1 1.2 1.4 1.6 1.8 2.0

Grev level Eloctric Fired (kv/mm)

Figure 8 The Grey Level Distribution Figure 9 Area Proportion Below Some
Changing with E Specific Grey Levels Changing With E

(2) All above pictures were taken by a CCD camera. So the basic data we got were
grey levels instead of the particles density in ER fluid. However, there should be a
detcrministic relation between those 'wo physical values, which seemed to be a nonlinear
monotone decreasing function in our experiment. The larger the density was, the less the
grey level became at a same location.

Fig. 8 shows the grey level distribution of those pictures. The different curve
indicates different electric field. As shown, when 0 kv/mm < E < 1.41 kv/mm, the
distribution only changes slightly. But with E further increasing, the curves change
greatly , whereas their peeks shift to the lower value and the distribution range become
wider, which imply that the degree of the phase separation increases with E.

Fig. 9 demonstrates the area preportion changing with E, whose grey levels are below
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some specific values within the whole observation area. No obvious change has taken
place in all these curves until E reaches the first critical field E¢1 . After E is over E,2,
some of them level off again after a rapid change and the others are the new generated
lower grey level curves that do not appear when E keeps a lower value, which implying
that higher degree of the aggregation of the particles in ER fluid occur. If one divide the
whole picture into three regions--region 1,2 and 3, whose grey levels are in the regimes
[0, 62], (62, 86] and (86, 255] respectively--presenting the high-density, the
intermediate-density and low-density phases, as shown in Fig. 10. he could find that the
area of region 1 and 3 will increase but that of region 2 decreases while E rises.

(3) Consider the state of a fixed point in a picture to be determined by the region it
occupies according to the mentioned region-dividing rule, i.e., if a point is within region
1, its state is called state 1. Let's gaze at a fixed point when E increases, Its state may
transfer fr'om one state to another or not. Making a census of all these points in a

A 100 r- -

s ittei 1 to '1

o• 80 • .- utat.5'1t0T3
20

Ii
" "0 :• •0.6 0.6 I

a, italto 1 to 3

~~2 to ... 3,
White 3 -- eo 3

sa40 st3tl 3 to 3

S30
20

W 10
i - l0

0 0.2 0.4 0.6 0,8 1 1.2 1.4• 1.6 1.6 2
Electic field ( KV/mm )

Figure 10 Region-dividing of Figm 5 Figure fId State j.mping Census Wit

l 4,aack--Region 1, Grey--Region 2 and increasing E
White-.-Region 3
observation area and denoting Tl'•i( i, j =1,2,3) as tile total number ratio of those points
frotrn state i to j when E increases from Ek., to E, per unit area, one could study tile
history of these three regions growth, i.e., where they are from and where they will
conie to. As shown in P~ig. 11, two critical fields E,= and Eý, exist and ilost area of
region I and 3 comne fromn state 2 . The fact that the jumnping from state I to 3 or from
state 3 to I occui occasionally at high E shows that reformiation of the columnar
structures Las take place somewhere in the ER fluid.

(4) Calculate the auto-correlation function of those pictures as the following equation:
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f J-[G(X-r.,y-r,)- < G> ][G(xy)- < G>> xy (14)

J J[G(,v,y) - < G> ] 2dxdy. j jG~-ýy7 <C> ]2 dkdy

Where G(x,y) is the grey level at location (x,y) and < G > is the average grey level
of these pictures.

Define now the correlation length LV"f as the average radius of the root of the
correlation peek, which can be considered as the characteristics scale of the ER
macrostructure. U` is of meaningless When E is less than El because no macrostructure
has formed. After E exceed U1," LCV' secms to grow with E in a exponential way in its
initial growing stage in our experiment, as shown in Fig. 13.

450 -___R

400

(LB ,oi Fj 3i.l00 ( S v.. ,)

•, Z'z •, 04 200 •-

AV1.4 1i.5 1.6 1,.7 1.8 1.9 2

EoIF•to Fildk kv/nmm

Figure 12 21) auto-correlation Figtmre 13 The growth of the correlation
function of Fig. 4 length with E and the fitting curve.

The fitting curve in Fig. 13 is,

L "r(f) "-94.89e 2.9gg 'e- E,)(

Where 1.41 kv/mnl < E < 1,96 ky/mm.

(5) All above discussions are undertaken when E is less than 2.0 kv/mm. For some
technical reason, further data were not obtained under higher E. However, one would
also give some empirical predictions of the phase separation behavior of ER fluid whcn

.• _ dt
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higher E is applied:
a) Region 2 will disappear, and then region I will shrink again and region 3 will
expand until the area ratio of region I to 3 reaches approximately the volume
fraction of particles in ER fluid.
b) L.' will decrease again in higher E after region 2 vanishes.
c) The macrostructure of ER fluid will change into some separated columns or
even into one large cluster.

4. Conclusions and future works

In this paper, the electric-field-induced phase separation in ER fluid is investigated.
A field-free ER fluid is assumed as a HD suspension consisting of a disperse and a
continuous phases. It has shown that when an external electric field is applied upon an
ER fluid, it will change from a HD state into a PS state to mininlize the total Coulomb
energy of the system. The phase separation into high-density and low-density regions can
be discussed in terms of the two-dimensional patterns observed in the field direction
because the disperse phase forms chainlike or columnar structure,: parallel to the field
direction. To observe these patterns produced by electric-field-induced phase separation,
two parallel ;,rranged transparent electrodes are used. The pictures of these patterns are
recorded by a CCD video camera connecting a PC computer-iinoge-processing system,
and have shown clearly the development of phase separation with increasing field. Two
crical fields are presented in this experiment. The first one signs the lowest value of
electric field to form the macro-columnar structure in FIR fluid. Since then those
structures aire becoming larger and largei but still separated from each other. After the
second critical field, the high-density domains connect rapidly and form a sieve-like
structure. The patterns arc irregular aind their characteristic sizes are determined by two-
din.ensional auto-corrclation approach and the correlation length grows with an increasing
field. Tile relation between the correlation length and electric field are obtained, which
seems to obey a exponential law.

The fundamental physics of ER fluid has just begun to be understood in recent
decades. TG electrodes makes the behavior of ER fluid under direct observation. So, the
application of TG tlectrodc must have a promising prospect in further study of ER fluid.

(1) R. Tao [4] and his researchers predicted that for uniform spherical dielectric
particles, the ER fluid formed a body-centered-tetragonal ( bet ) lattice structure, and
later, this assumption was confirmed by means of the laser diffraction experiment.
However, tney failed to get a direct pattern along the field direction, which was as
important as the other two directions. Apparently, the technique of TG electrodes may
be a desired method for further experimental study of the microstructure of ER fluid as
well as the nmacrostructure.

(2) With TG electrodes, flow visualization techniques may be employed, by adding
some dilute fluorescent materials into ER fluid, to analyses the flow velocity field in
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some ER devices, such as ER valves and ER clutches. The significant of this work lies
in getting the firsthand data and verifying the theoretical model. Experiments can also
be carried out to observe the phase separation phenomenon of ER fluid under flow
conditions.

(3) The pictures got from our experiment seemed to have some similarity of the
fractal analysis and percolation effect extensively studied in other critical phenomenon
[6,7,8]. The finial shape of the macrostructure of ER fluid seemed to be dependent
greatly on the electric field and its initial condition. However, for a certain ER fluid, it
should exhibit same bulk properties under a fixed E. So , there must be some stable
statistical values to characterize the global properties of the ER fluid behaviors, despite
of the specific macro-shape formed under various initial conditions. Fractal analysis and
percolation model may be a bridge to study ER fluid. It is clear that TG electrodes are
necessities to get the statistical data in this case.
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SOME NEW EVIDENCE ON ELECI'RO-RHEOLOGICAL MECHANISMS
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Polymner Physics Labotratory. Institute of Chemistry,

Academnia Sinica, Beijing 100080, China
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Some new evidence on ci ectrorheologieal (ER) mechanismns for senticoniducting

polyacryluulitile suspensions hii silicone oil has% been reported. NegatiVC first Hurnnal Stress

differnce was observed under au, electric field. Effect of the particle Sime onl ER prope~rties was

studied. The results have mneu related to the elecuified fluid siructure. Mason number was

applied to dynamic responses by defining oscillatory Mason numbse'r M 1* (scaled rs YWaE'2

and it was found that Wiedytaunic oseillation repne dthe steady shear resixonse Could he

correlated with Cox Mer, rule.

1. Introduction

As clIectrorliological (E:R) effect was discovcued in 1947, Winslow ascribed it to thle
fiuld-inducud fibrillation of' smial! particles in tlhe suspensioni Now it has been widely

ptoved that thle Ifibrous su~uctuue is a general characteristic 1Im ERZ fluids2-1"', and intelrfaCial

polarisation mechanism is the ria * or inechanism giving t ise to LIZ responses2-5 7 .8 ,10.12.
Bnl~iigam plastic equation has been recognised as thle most suitable the1ological mlodel for
steady shear response of* ER f1Uids%34.0.8. 1. Marshall. Zukoski & Goodwin' I modified
Bingliani equation by introducing a dimensionless Mason numbecr:

where Mn is termed as Mason number, defined by:
Mrl1-,fIý2ctc(P~E')2  (2)

-- ) ;,c-..ted as yIE-.2

q~ is thle suspension viscosity under field, "- is thle suspension viscosity at thle high shear

rate in zero field, K is the material constant, 'j is the shear rate, F. is thle field strength, c~, is
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the free space permittivity, ec is the dielectric constant of the medium, 13 = (Ep - Ec)/(Ep +

2¢.,) for the polarizability of die particles,. Fp is tile dielectric constant of the particle. Mn is a

measure of tie relative importance of viscous shear forces to electric polarization forces

acting on parti;cles ii tdhe suspension. As seen from Eq.(l), the apparent Viscosity could be

conrrlated as a function of Mn. At small Mn, polarization forces dominate the ER response

and the log(r1/ht.) - iogMn curve has a slope of' - I while at large Mn, viscous forces

control tile suspension structure and the term r/I,• approaches unity. In this paper, Mason

number (Mn) will lie applied to dynamnic responses by defining oscillatory Mason number

(3)

-- scaled ,so/2

where y is the oscillation strain, co is the dynamic frequciicy. The complex viscosity will be

plotted against the oscillatory Mason nunuber and compared with tile apparent viscosity in

steady shear.

On the other hand, the spanned strand model has often been used as a structural model

fo' EBR lluids 5. The spanned strand model could he described as follows: Without electric

field, an ER suspension bhhaves as usual suspensions do. In the presence ofI an clect ic

field, the particles polarize aiid orient along tlie field dice-t ioti to form fibrous bridgC

structures over the gap between electrodes. If a shear deformation is applied, the bridges

will deform and incline to some angle. As the shear dcformation proceeds, the bridges

break down in the middle and flow occurs, but tile broken chains still remuain inclined. As

the flow continues, ihe broken chains on the electrodes might build up again at a new

po.sition. In our p l'ev inus paperg, it was l'ound that the rheologi;al behaviors under different

deftrmation modes could be approximately described by a rate insensitive stress, which

was contrIolled only by the electric attractive l'orce betwcen tile polarhi.ed particles. The

charactenristic ER rcsponsc.s were well explained using the spanned sutand model.

In the present paper, sonic 1mw evidciwe such as negative first normal stress

di'fference, effiect of tile particle sizc and application of the dynamic Mason number will he

discuss'ed to !u rLher s •pport t[he IFR niechanliisinl Ir sriniendutic ive polyniner- bascd
suispe isions.

2. Experimental

The dispersed phase used was the powder of a semiconducting polymer. The

semiconducting polymer was made by controlled oxidation of polyacrylonitrile c(FAN) fibrc
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at hligh temperatures. Then, tile powder was nmade by cutting these fibres in anl agate ball

mill. The different milling tille was controlled to obtain particles Willh different 5i/AW5. The

samples prepared from these powder were namned in B-series as sample B I - 115. The

particle sizc in a suspension could be mlodified further by milling the prepared suspension in

a coiloid mill. This technology also provided the suspension with excellent stability against

sedimentation. It was checked that thle treatmrent. in thle c-,Ibid mill didn't bring about any

Colltamliilation of thle suspension. The samples treated with the colloid mill wereý called in

C-series as sample C I -CS. The particle size was determined Willh a I-loriba CAPA particle

anaulyser. The particle size data of' B-series and C-series samples were given inl Table 1.

Typical partLicle size distribution was shown in Vigtire I. for sample C2. TIhe average size is
about 5 pmin. As seen from Table 1. different milling timec corresponds to different particleý

size, The particle size decreases as the mnilling thime inlcreases.T'he effect of milling time onl

E~R properties could ble considered as anl effect of the lpaiiicle size.

Ttable 1. 111rtj~e si,.c daita of, t3 -Seies aild t -sei is N:.Iiipies

particles mill mnilling average stanidard m1aximiuml
grade type till te, hr %i ze. p ini va riationi, p ill size., [till

13 .- series:

B 1 (1.58 7.52 4.62 2(0.0

B12 agate- H) ll 5 13 4.46 2(0.0

B33 ball mill 1.5 4.39 2.97 I l.0

114 2.0 3.46 2.14 9.0l

1B5 2.5 2.79 .,58 6(1.

C - series

Cl (M) 30.6 29.1 ROM0

C2 colloid I (0 4.62 3.2(0 MAI(

C3 mill 1.5 4.26 2.54 10.0

C4 2.01 4.28 2,40) l10.0

CS 2.5 4.11 2.25 9.0
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"15 Sample; C2

. 10 /
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0 -

1 2 34 5 6 7 891011l

Diaeter,. t In

Fig. 1 . lypteall particle size diNiribuiwn for sample ('2

The medium used was silicone oil with viscosity 46.9 rnPa~s at 20' 1C. The samples

,studied consisted of sample NC-2W With volume0 fractionl 0.19, which was also studied in
the paper8, sample B3 1-135 all with volume fraction 0.40 and sample Cl -C5 all with volume
fraction 0.30. In the, preparation of sample B-series and sample C--series, the anhydride

partLicles as well as the mnedia Wcr'e treated ini an oven at I125T1 for hours to eliminate traccs

of water before mixing. Rheological properties such as yield stress, appatecot viscosity, first

nrim-1al stress difference and complex viscosity were measured by Rheconietrics RMS-605

With pl'aallel plates With gap = 1mm11 anld diamclter 50mm at 25t)C.. The main modification
involved the insulation of the disc electrodes to the drive shaft and the torque tranlsducer so
thaL t aDC electric field. up ito 2.9 k',/mmn in this study, could be applied to the sanole. It

should be. mentioned that, because the ýliear rate is not hiomogeneous everywhere in the. gap
Ior the parallel plate geomletry and no 'on-Newtonian corrections for str-,ss were miade, the

nieasui @d miatez ial func'ions were apparent. In rhecological mecasuremenits, different
deformiation modes might he apph'-d to the sample. :or the studied ER suspenision. since

the yield stress showed a rate insensitive dependence. e'ectric feld strength step change was
oftetn used at a given shear rate. or at given sitr~in and frequency in dynamic oscillation as

well as shear rate sweep at a given electric field strength and dynamic frequency sweep at

given strain and fictd strength. For more detail about the EIR systemi and the experimental.
see the previous Paper'.
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3. Rcesults and Discussion
3.1 Evidence I: Negative Normal Stress

First normal stress difference (N 1) data of ER suspensions was hardly mentioned in

the. literature9 . In this study, special attention was paid to the measurement of first normal

stress difference. It was found that the studied suspensions showed significant first normal

stress difference with and without application of electric field. However, the electrified

suspension was found to show negative normal stress while the suspension without voltage

produced a positive normal stress. After having been checked carefully, the negative normal

streý;s effect was understood to be a typical phenomenon for ER fluids although negative

norm.a stress was also observed for liquid crystal systems13 and sonic suspensions14 .

Figure 2 shows the first normal stress difference as a function of sh'ar rate at different

field strengths for sample NC-2W. A minus sign is added to make (-N I) positive, which

will be used throughout the paper. As seen in Figure 2, the normal stress nearly remains

constant over the range of the shear rate measured, but it increases with electric field

strength. The curves for different field strengths run parallel to each other. The magnitude

of the normal stress is found to increase approximately with the square of field strength to

give anl equation (-Nl)=-380 E2, as shown in Figure 3.

10•4
NC-2W

E, kV/nm
. A A A 2.9

Sx 2.0- 103 xxx

z
0 o o 1.0

0 0 0 o o 0.5
00

1 02 . . .. ... .... ... , . . . .

0.1 1 10 100
Shear Rate, I/s

Fig.2. First normal stress differcnce as a function of shear rate at different field strengths for

sAunple NC-2W
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------ (-NI) = 380 E

(1 2 4 6 8 10

Field Strength E2, (kV/mm) 2

Fig,3. First normal stress diffeictnce as a function of field strength for sample NC-2W. The
dashed LUe is tie fit equation, - NI = 380 E`2

In our previous paper8. it was found that the shear stress showed an insensitive

dependence on the shLtar rate but a strong dependence on tde field strength. The yield stress

was proportional to the square of clectric field strength. The steady shear response could be
considered as an extreme case for Bingham plastic behavior with the yield stress term

domin.ant. For sample NC-2W, ty =87.4 E2.

Therefore, the normal stress has the same characteristic as the yield stress. It is

meaningful to make a comparison tietween the magnitude of the normt:l stress and that of

the shear stress. For sample NC-2W, the ratio of the normal stre:;s in magnitude to the

shear stress (-N llt y) is 4.34. Since the normal stress has the same dependency on field

strength or shear rate as that of the yield stress, the ratio of the normal stress to the yield

stress is independent on the shear rate and the elc.tric field strength.

Negative normal stress effect was further studied for sample C-series. The normal

stress, the yield stress and their ratio at zero field and diffe'mnt field strengths were

presented in Table 2. The stresses were measured with ficld st-ength step increase from

zero to 2.9 kV/mm at a shear rate 0.3 s-1. Figure 4 - 6 were generated based on the data in

Table 2.
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"Table 2. Noiinmd stiessc•s of ER .uspeinsion sample C-scries

E, kV/mm 0.0 0.5 1.0 1.5 2.0 2.5 2.9

- N1, Pa -8.30) 21.4 248 710 1290 1970 2350

Cl y, Pa 2.60 27.6 123 276 478 7(11 961

-N It/, -3.20 0.77 2.03 2.58 2.69 2.81 2.45

U , 52.4 26.2 21.1 20.4 19.5 22.2

- N . Pa -20.4 40.0 21(0 623 11(x) 17401 2230

C2 t y, Pa 2.(X0 41.3 178 381 620 S98 114{}

- N1 /y -10.2 0.97 1.18 1.64 1.79 1.93 1.96

, _ 45.9 40.3 31.4 29.2 27.4 27(0

-N 1, Pa -9.50 85.0 321 735 1240 19(M) 2270

C3 c Pa 3.80) 44.3 169 354 585 832 1070

- NlI't y -2.50) 1.92 1.90 2.07 2.11 2.28 2.11

U 27.5 27.7 25.8 25.4 23.7 25.4

- N1, Pa -31.9 -51.8 75.0 66(0 1220 19W8) 2380

C4 t y, Pa 2.10 48,2 176 355 570 8{() 991

- N It y -14.9 -1.07 (1.43 1.86 2.14 2.37 2.40

- - 66.7 28.3 25.0 22.9 22.6

- N 1, Pa -76.4 8.50 320 6 97 1270 1840 2(M)

Cs5 C y, Pa 8.20 40.7 142 285 443 623 760

- N1/t -9.32 (0.21 2.25 2.44 2.87 2.95 2.63

(,x _ 78.1 23.9 22.3 19.2 18.7 20.8

Figure 4 is the plot of the normal stress as a function of field strength E2 for sample

C-series. A common equation, (-NI)=29(}E 2 
, was got for all samples. Figure 5 is the plot

of the yield stress as a function of field strength E2 for sample C-series. In Figure 5,

-- - -..... ---...... ... .
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Fig,4. First normal stress difference as a function Uf field strength for swnple C-series. The nonral

stress was measured at a given shear rate of 0.3 s Tbe dashed line is the fit equation for all

of the daLa, - N = 290 E 2

1200

0 1000-

.010

-.. 0
" C - Series

20(X C2:- y =136 E2C5: 90.1E 2

r') I

2 4 6 8 10
Fief,- SLtengh E 2 , (kV/mm)

2

Fig.5. Yield stress as a function of field strength for sample C-sreis. Symbols as showni in Fig.4.

The yield stress was measured at " =0.3 s"1. hIbe dashed line is the fit equation for sample C5,

• 'y = 90.1 E2 . The solid line is the fit equation for sample C2. c y = 136 E2
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however, there exists difference in field strength derendence among the samples, which

represents effect of the particle size and will be dicused later. The fit equation for each

sample could be obtained, for example, t y =136 L2 for C2 and" y =90.1 E2 for C5. The

ratio of the normal stress in magnitude to the shear stress was also calculated for each

sample. As seen from Table 2, most of the ratio values fall into the range of 2.0 - 3.0. The

ratio value doesn't change very much indeed as the field strength increases. This fact is

clearly shown in Figure 6 for sample C3.

The ER suspensions studied in this work were composed of fibrous powder

dispersed in silicone oil. It was shown in Table 2 that in absence of electric field, the

suspensions showed positive first normal stress differenee as an usual fibrous rod-like

suspension. Upon application of an electric field, the normal stress became negative. It

would become positive again after the removal of the electric field. For the sake of

completion, it should lhe mentioned that the positive first normal stress difference was also

observed under electric field for high concentrated samples with volume fraction more than

0.40. In this case, the normal stress increased with the shear rate and was proportional to
the field strength. The positive normal stress of high concentrated samples should be

attributed to the dilatancy under the electric field, which was so strong that the electrified

sample was found to squeeze out of the measuring cell.

4

Sample: C3
3

z

0 -- I0 I z3

Field Strengh E, kV/mm

Fig.6. Ratio of first iinomal stress difference to yield strcss as a function of f.. J stretigth for

sample C3. The solid linie is the mean value. - Nl/L y w 2.07
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The ER suspension shows negative first normal stress difference under an electric

field and the ritio of the normal stress in magnitude to the yield stress is independent on the

shear rate and the electric field strength. For parallel plate geometry, negative normal stress

implies existence of a compressing force which results in a tendency to pull the plates

together. In tho measurement of the electrified suspension, the large compressing force only

could be ascribed to the polarization force. Based on the spanned stra'nd model and the

morphological observation result, a possible explanation iaight be proposed as follows: In

the presence of die electric field, the particles polarize and orient along the field direction to

form fibrous chain structures over the gap between the electrodes. Along these chains exists

the interparticle electrostatic polarization force. Once a shear deformation is applied, the

chains will deform to incline. At the same time, the deformed chains generate a resistance

force against the shear deforniation. Tlhat is the origin of the yield stress. On the other hand,

tie applied shear defonrmation makes the chains incline to a certain angle. Since the chains

hind well with the electrodes, the produced deformation, that is. the inclination, will result

in more or less elongation of the chains. However, the attractive polarization force

transferred along the chains resisLt the chains to be elongated and ptilis tie chains to recover

to their original positions. This gives rise to the negative normal stress. It should be noted

that in the discussion two assumptions arc used which are mainly based oil tie experimental

observation results, that is, the chains are hound well to the ,lectrode walls and the broken

chains still remain inclined in flow.

Figure 7 shows the decompositio n of the polarization UI'rc ( F ) into the yield stress

ty ) and the nornmal smres.i ( N I). The inclined chain over the gap was symbolised as a

solid line between the electrodes. tx is the inclination angle oft the chain from the field

direction. There exist:

"t y = lsil OQ (4)
INll/Vt y = Il/fe (x (5)

Therefore, the yield stress ctould be considcred as One of the measures of the polarization

lorce in the direction perpendicular to tile field and the normal stress as a measure of the

polarizution folrce in the field direction. The ratio of their magnittudes would suggest the

inclination angle of the chains from the field direction.

The inclination angle might le an important parameter related to the electrificd fluid

structure since the inclined chain structure is a general characteristic for flowing electrified

suspensions. It could be understood as a critical inclination angle for chains to deform, at

which the chains also break down in the middle as the applied shear deformation pro•ceds.

SI•
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F --.

+ F

Fig.7. Schematic diagratn for decomposition of piolarisation florce F into yield stess (ce y a ndi

nomial suess; ( NI ). (x is chain illclinatlioni angle. -N1 I iT y =~ I/ l.m If -NI 11T y = 2 -3,

a =- 18 - 260. A minus sign ik;added to make (-NI) ixositive since NI is negative, in agree-

entil wi~ltil thextII

According to the ratio (-N 1)/ t y ,this anigle is independent on die shecar rate and thle electric

field strength. It is mainly determined by the suspension composition parameters such as

mlatrials properties and particle concentration. For a particular suspension, thle polarization

force is certain. The yield stro~ss increases with the inclination angle.

The (-Ni1) /Ty, ratio is equal to 4.34 f'or sample NC-2W, implying that the deformed

particle chains mnight incline 130) from die field direCtionl. For samnple C-series, thle possible

inclination angles of the chains at diff-renic Jeld st-rengths were calculated and also listed in

Table 2. Since the normal stress in value is 2-3 times the shear stress, thus, most of' Ithe

particle chains over thle gap should respectively incline 18.401 -26.5() from the field

direction. The results agree well with thle morpthological observation. The inclination angle

was indeed observed not to change mnuch with thle shear i-ate and the field strength. The,

angle, - 2t0( seemis to be a crucial positionl for f'lowing E~R suspensions since it was also

revealed by othei-rO(.V),15,1 from comfll)tcr simulation as well as experimental

miorphological oblser-vation. More work is desired, for example, to confirmn thle ratio ofthei

normal111 stress to thle. yield stress from computer simulation ofT IR flu~ids17 and to study efhiect

of, the concentration onl thle. ratio.
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3.2 Evidence 2: Effect of Particle Size

Figure 8 is the plot of the yield stress as a function of the particle milling time in an
agate ball mill for sample B-scries at different field strengths. Figure 9 is the plot of the

yield stress as a function of the suspension milling time in a colloid mill for sample C-series
at different field strengths. It is very clear that as the milling time increases there occurs a

maximum yield stress for each case. This fact was also proved by mixinlg two type of
particles with different sizes. Different milling time represents different particle size. As

seen from Fig,8 and Fig.9, the particle size indeed has an influence on the yield stress. This
influence is significant, up to 30% at high field strengths, although it still may be a small

effect from an enginecting viewpoint.

It should be mentioned that, in general, only when thermal forces dominate over
polarization forces is there an influence of partiCle size on the ER effect 418, 'ilie effect of

particle size in tie present study should be ascribed to the non-spherical fibrous geometry

of the particles. This fact also means that the effect of the particle size includes both the
influence of optimum size distribution of the particles and the influence of different

length/diameter ratios (LiD < 10) of the particles. Ani influence of particle size on dynamic

shear strength has also been reported at low shear rates for glass bead suspensions in

silicone oil by Shih and Conrad 19 .

iB-Series
4000. E. kVum

2.9

3(XX) 2.5

t. 2000 - 2.0

1C(1 - 1.5
1.0

0 1 2 3 4
Milling Time, Ill

Fig.8. Yield stress as a function of pauticle niillini, time in an agate ball mill and applied field

strength for sample B-series. Die yield stress wits measuredI at "' =0.3 s-I
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Fig.O. Yield stress as a function ot suspension milling time in a colloid mill mid applied field

strength for sauple C-series. The yield stress was measured at y'-0.3 s 1
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Fig. 10. Normal stress as a function of suspension inhlling time in a colloid mill and applied

licld strength For sample C-series. 'lTme normal stress was measured at = =0.3 s-I

-~ ~ -.- - - -~.-----
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Figure 10 shows the effect of tile particle size on the normal stress. (-N 1) was plotted

against the milling time for sample C-series at different field strengths, Differently from thc

case of the yield stress, the particle size has no any influence on the normal stress. The

difference can also be seen from the previous plots of Figure 4 and Figure 5. The reason is

that for the yield stress, a certain particle size and size distribution could favours the

formation of the anisotropic structurcs of the particles and thus increase the resistance

against the shear deformation while the normal stress is only dominated by the interparticle

polarization forces.

In addition, the fibrous geometry of the particles might also be partially rcspon.,ible

for the characteristic responses of the suspension, for example, the stress recovery after

flow stop which was reported ill our previous paper8. The stress recovery should be related

to the rofoamation of inclined spanned chain structures and the contribution ol' the non-

spherical pa:-ticlc geometry.

3.3 Evidence 3: Dynamic Mason Number

In Figure 11 the apparent viscosity in steady shear was plotted against Mason number

(scaled as -J/E2 ) for sample NC-2W. 'the apparent viscosities were calculated from shear

rate sweep data at different field strengths. It is found that all the steady shear viscosity data

at different field strengths and shear rates are correlated well with Mason number to

generate a master curve, Eta = 83.4 ( j'/E 2 )-1. This curve indicates that the apparent

viscosity decreases inversely with the shear rate and increases with the squa'c of the electric

field strength.

In Figurc 12 the complex viscosity in dynamic oscillation was plotted as a function of

oscillatory Mason number (scaled as yoVE 2 ) for sample NC-2W, The complex viscosities

were calculated Irom oscillatory frequency sweep data at ,;train 'y I ltX)% and at dilfTcrnt

field streingths. The complex viscosity data are successfally conclatcd with dynamic Mason

number. Therefore, another master curve, Eta* = 83.4 ( yo/E2 )-I was obtained for

dynamic shear flow. The complex viscosity decreae.s inversely with the product of strain

and frequency, and increases with the square of electric field strength. It is further found

that these two currves il Mig. II and Fig. 12 canl overlap each other. When Mn* equals Mn.

the complex viscosity will equal the apparent viscosity, as described by Cox-Merz rule for

polymer. Cox-Merz rule states that the complex viscosity approaches the apparent viscosity

if the oscillatory frequency equals the shear rate20 .
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I ig.'3. Complex vi%-Losity or llppilreml viscosilyas a function ol dyrianuoj Mvason riumbei (scaled

its yc)l/9 or Mason number (sealed as jqjF2 ) for sainple 135. Open symbols tor complcx

viscosity III oscillatory; (,lose symboils lbr upparelit viscosity in steady shear. y, %I dynamnic

suain; W, I/s dyamulic imequerey; 1, U/s shear rale; E. kVnmmn fkied suctngai; Sp., variable

sw~ilc, mich as licujuenecy sweel).TilLsolid line is the fit equauimn lor all of die data,

Flu*a = 435 ( y(i)/t.*2 )- or* FI = 43.5 *jý/ 2 YI

It-. I i)gre 13 thle Mason number Was used. to describe both tile dynamric oscillation

reCsponise and theC Steady Shear r'esponse of sumrple B.S. The COmIpleX Viscosity Or apparent.
Vu~xosity was plotted as a function of dynlamliC Mason number (.scaled as yoWE 2 ) or. Mason

numl~et (.scaled as ý'/E; ). Differentl measurement modes were used to Collect data, including

dYnamnIiC frequen1CY Sweep at. given strain and ficld stiength, field strength step change at

dillerent Strain and/or frequency, rate sweep ait a given field strength and field strength step

change at a given Shear rate. AS expected, indeed, it is able Lo accommodate all of the data in

dynamic oscillation or steady shear no mutter what strain, frequency, electric field :drength.

01r shear irule. The deviation of somne data from tile fit equationl at low Mn* or Mnl range

seems to be resulted fromt the yield behavior.

The significance of Mason number, inl our understanding, is that it contain-; tw-,o most

important flcid variables in ER responses: shecar rate (or product of strain and frequency in

dynamic oscillation) for a shear fiel anld field Strength fur an electric field. Eta- Mn plot

could 'wumimarize thle rhe1ological behaviors in Steady shear' while E-.ta* -Mn* plot counld
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summarize the rheological responses in dynamic oscillatory. For the studied suspensions.

the viscous flow resistance contributes little to the shear stress even at high Mn or Mn*

range since the viscosity was not observed to approach the suspension viscosity at the high

shicar rate in zero field although the shear rate is up to 20 s-1, comparable to that used in the

paper,'.

It is surprising to find that the theological responses of the ciectrified suspensions

follow Cox-Merz rule. This result suggests not only that the polarization force scaled as E2

dominates rheological quantities both in the dynamic oscillation and the steady shear, hit

also the microstructure within the suspesion in dynamic flow might be the sairie as that in

steady shear. One of the reasons for this equality is that the strains used in the oscillation

measurements are all out of linear strain range. The linear strain amplitude range was ILbtnd

too small to be determined 8 .

4. Conclusions

ER suspensions show large negative first normal stress difference under an electric

field. For the semiconducting PAN suspensions, the characteristic shear raze independeice

and field strength dependence shows that tile nornial stress is also a rate insensitive stress
which is controlled by interparticle electric polarisation forces. The yield stress couid be

considered as one of the measurees of the polarization force in the direction perpcndicular to

tihe field and 1;!r- normal stress as a measure of the polari/ation force in the field diretCtion.

The ratio Of the normal stress to the shear stress, independent on shear rate and field

strength, would suggest the inclination angle of the chains from the field direction. The

parclic size was found to have an impoltant effect On the yield strCss, hut no ilnflucnce onl
the normal stri'ss due to the fibrous geometry ol the particles which favours the i ormation

of the anisotropic structure. Mason number(Mn) could bh applied to dynamic responses by

defining dynamic oscillatory Mason numbet Mll* (scaled as yo•,/F2). •or the -;tudicd

suspension, the characteristic ER behaviours in steady shear and dynamic oscillation are

correlated with Cox Merz rule and, indeed, are dominated only by the ehctrically induced

interparticle forces. The spanned strand model captures most features of FJt. phenomiena,

and can be used to explain the results very well. On the other hand, the recsults also prtovide

evidence to the model itself.
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E~ffects of Electrode Morphology on the Elecirorheo logical Response

Palmos V. Katsikopoulus and C.F.Zukoski

Decpartment of Chemical Enigineering

Univerity of Illinois, Urbana, Illinois 61801.

I NTIRODUCTION

Thle clectrorheological (ER) phenomenon has been known for inore than 40 years (I)and

is defined as the radpid and reversible chanige in tie theological behavior of a suspension under

thle action of large electric fields lOC lkV/ini)I. Specifically, orders of magnitude increases in thle

Apiparent viscocity and/or tile development of somic type of a yield stress in tile otherwise

Newtonian suspensions arc observed for polarizizablc particle,, in it low permittivity continuous

uhase (2). The applied cluctric field induces dipolar interactions between the particles resulting

iii the de-veIlopmentI Of palrticle structures which span the electrode gap). Thie formation and shecal

degradation of this structure is responsible for the dramiatic chiange in tile theological proputies

of' the ER fluids;. E~veni though somec understanding of' thle phenomenon htas heen acliivcx the 1

details of the particle intcractinn potential arc not fully understoodi. As a restult, tihe range o1

stress transfer propecrties possible is not yet known. Dot to thle fact that the stresses that xre

achieved with currently existing F-R fluids alre lower thani what is reqUiredI and thirel powet

consumption is still high, commercial devices are not yet available. Tilie objective of much

current work i~s to increase the stress wvithout increasing thle cmo ient levels. I lowever. at i ecent



252

study (3) concerned with the feasibility of automotive devices based only on stress transfer

considerations, concludes that damping applications become feasible provided increases in the

yield stresses of a factor of two to three are realized.

A simple but successful model for the steady state rheological behavior of ER fluids is

the Bingham plastic where the important parameter is the dynamic yield stress. Experimental and

modelling efforts have focused on the measurement and prediction of the dynamic yield stress

and the elucidation of its dependence on several parameters. The stress depends on the strength

of the interparticle forces and on the structure of the suspensiun. The effect of external and

material parameters like the electric field strength (E), the type of the field and its frequency (P.,

the peimitivity (C) and conductivity (o) of the dispersed particles (p) and the continuous phase

(c) and the volume fraction of tie dispersed phase ((p) has been addressed ThVe mnajority of the

work up to the present has dealt with increasing the interparticle forces by increasing the ratio

c=q/¢ or E (2). Of course, there is an upper limit to which the electric field strentgth can be

increased imposed by dielectric breakdown strength considerations as well as by power

consumption ones. At the same dine substances with large permittivifies do rnot seen to produce

large ER effects (2).

Another approach to increasing the dynamic yield stress lies in altering the slicspension

structure. When the elcui-ic field is turned on, strands of particles form, aligned whit the electric

field, which extend across the electrod, gap. It both simulations and experiments, shear is

observed to produce dense clusters -)r strands. The resulting structures are observed to he

insensitive to E or material properties. A transition from thin to thick clusters near a volume

fraction of 0.3 is observed in simulations !o accompany a saturation of the dy'ralnic yield srue'ss

(i.e., the yield stress at a fixed field strength becomes insensitive to volume fraction). The

---I- ---------------
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saturation of the stress has been attributed to the formation of these thick strands. Bionnecaze

and Brady (4) demonstrate that the saturation in the yield stress (static or dynamic) is observed

(except for non touching conducting particles) even in an idealized, single particle width structure

due to the increased importance of interchain interactions at high volume fractions. In addition,

calculations by Kraynik show (5) that double particle width strands am less effective in

transfering stress than single particle width stands. These calculations clearly indicate that the

stress is sensitive to suspension microstructure and the maximum stress is transfered if all the

particles are located in single particle width strands.

As a result, if an experimental manifestation of the idealized structure could be created,

one would expect increases in stress transfer. To achieve steady state increases, these structures

must be stabilized against the coarsening effect of the shearing motion; a process which requires

localizing strands at particular points on the electrode surfaces. The experimental realization of

this approach requires the existence of a no slip boundary condition (B.C.) for the particles at the

electrode surfaces. This may be achieved by fixing particles to the surface, increasing the

strength of particle-clectrode interactions or increasing electrode roughness. In this paper, we

explore the effects of creating positions on the electrode which have locally enhanced electric

fields. This is accomplished by placing grooves in the otherwise smooth electrodes.

Trhe effect of rough electrodes on the ER response has seen little systematic investigation.

The only exception lies in the studies of Monkman (11) where he attached to one or both

elecuode surfaces one or more layers of a cotton fabric. The increases in the mneasurcd torque

were small; at best they fell short of even a factor of two increase over the smooth electrode

case. No visualization of the suspension during the shear was attempted. As a result, the actual
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effect of the cotton fabric is not cicar. In sunmnary, the importnauce of the boundary condition

(which depends on the particle-wall interaction and the particle and electrode surface roughness)

in the study of ER fluids hls bt-,en largely overlooked experimentaly and in simulations has

either been completely ignored (8) or treated as a stick-slip situation (7). On the otherhand, to

achieve the maximum yield stresses, a no slip B.C. has been assumed in all the theoretical

calculations (4-6).

In magnetorheology the effect of the particle/slhearing surface boundary condition has been

addressed by Bossis and Lemaire (9,10) who have studied the apparent static yield stresses of

colloidal polysty-mene particles with magnetic inclusions dispersed in water. The magnitude of the

yield stress was found to depend on the material used for the electrode (ferromagnetic or

paramagnetic) and its surface roughness. Depending on the electrode material, two orders of

magnitude differences in yield stress are reported for the same forces acting between the particles.

Bossis and Lemaire concluded that the particle-wail interaction is very important. Unfortunatcly,

in electrorheology we do not have the ability to change the magnitude of the particle-wall

interaction without also altering tile magnitude of the interparticle force, Ilowever, we can vary

the average roughness of the surface of the electrodes, or engrave a particular pattern oil them

attd therefore create sites with larger electric field strength. In this work, we repor preliminary

results towards this end.

S.. . . ... ........ . . . ........... . . .. ...... . ... ......
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EXPERIMENTAL RESULTS AND DISCUSSION

Suspenriions were composed of hollow mnicrospheres composed of silica and aluminia fromn

PQ Corporation. 'Ilic received powder was sieved to give very narrow particle size distribution.

In our experitrints we used particles with diameters in the range 90fon to 1 06inm and ant average

diameter of 10lOni.r, with an apparent density of 0.780gicmi-. The particles were suspended in

white light mineral oil (Aldrich) %~ith a density of 0.838g/cdi and a Nnowtoniani viscosity of 0.026

Pa s. The volume fraction of thc suspension was 0.253 and had a Newtonian viscosity of 0.080

Pa s in the absence of an electric field. 'The rhcological experiments were perfonined on a lBohlin

VOR Wheonieter (lBohlin 'Instruments, Inc.) which is a constant rate of strain rheormeter. Thc

applied electric field was geneiated with a TREK high voltage power supp~ly and amplifier

(mrodel 663/662) anid a Beckmnan Circuitmnate function generator (miodel FG2). Ilic applied

elect-ric field was a sine wave of 10014Iz frequiencyf, and its reported strength,E, is a touc RMS

vtidue. Both ifand E were mionitored continuously during the expcrimient by aFl-'uke 45 miultinieter

and iemiainedl conistant within lIs thtan 0.5%. Thie reported values for thc current are true RMS

values as well and were Mclasured continuously by a BK 2831 Dynascanl m1ultimletet. Thie

flUctuationis in the values for the eunient were less than 2%. Stress growth expecienicts were

carried out at the lowest possible shear rate of 1.995x 10" s*' at different electric field strengths.

The value for the shiear stress at this low shear i-ate can be considered as a !ower bound for the

dynamic yield stress for the suspension. VI'le frequency was clixuseii to eliminate particle

circulation between electrodes.] We used three different sets of stainless steel piarallel plates,-

a) with smooth surfaces i.e., what is traditionially used, b) wiith smooth surfaces and regularly

spaced grooves paralle' to the velocity dirctiont (i.e. concentric circles) and c) with smloothi
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surfaces and regularly spaced grooves perpendicular to the velocity direction (i.e., along diameters

of tie circular plates). All the plates had a 30mm diameter and were held at a surface to surface

separation of 1mm. The number of the grooves was 5 and 8 for case b and case c respectively.

The width and the depth of the grooves wee in both cases 300ism and 150mi pespectively.

Typical stress growth curves for the ER fluid are shown in figure 1. The approach to the

steady state value is monotonic for smooth electrodes and for electrodes with grooves parallel

to the velocity direction. The steady state values are approximately the same within experimental

uncertainty, Tlhc same is observed for the stress growth curve for the electrodes with grooves

perpendicular to the velocity direction for E-750 V/mm. On the contrary, for these electrodes at

higher electric field strengths the shear stress demonstrates a very repeatable and periodic

behavior and achieves an "oscillatory steady state".

The steady state values for the three different geometries are plotted in figure 2. For the

first two geometries we report the steady state value and for the third the average stress over a

number of periods. The typical dependence on the square power of the electric field is clearly

demonsirated nmeaning that the suspension behaves like a classical ER fluid. Furthermore, the

shear stress measured for me electrodes with the grooves perpendicular to the velocity direction

is about two times larger, at all electrc field strengths, than that for the two other sets of

electrodes. In addition, the current passed through the suspension is the same for all the different

electrodes (figure 3).

Understanding the reasons behind the dlifferent rheological behaviors is aided by

visualization of the suspension during the shearing experiments. Observation with lens and a

video camera shows that for smnooth electrodes, clusters densify upon shearing and rcsp•nd to
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deformation through a strand break,•g and reformation triechanism. In addition, many clusters

show a stick-slip motion where the straids remain intact but slide along one electrode surface.

In system 3 where electrodes have grooves cut pemendicular to the velocity direction, there iR

accumulation of the particles next to the groove edges. "llTese particles never move from their

positions whereas particIcs "touching" the electrode surfacet far from the grooves are observed

to slide along the surface of the electrode and occasionaly leave it. Single particle width strands

are not observed for any of the three electrode configurations investigated. For system 3, walls

of particles two or three particles thick next to the grooves and all along their edges ;ire observed.

In addition, columnar structures with one end lying next to a groove but tie other being it particle

attached to the smooth paut of the opposite electrode have been observed. These columns strain

under the action of the shear field but they do not reach the maximum strain. Instead the strand

end lying on die smooth electrode slides (i.e., the strand has a kind of a stick-slip motion). In

comparison to this behavior when only one end of a strand is pinned by a groove, when both

ends o^a strand are particles next to a groove, the strand never slips, instead it gets fully strained

and always breaks approximately in the middle. Visualization also shows that the miniimum in

the shear stress coinsides with the grooves being in phase whereas the maximum corresponds to

the grooves being out of phase. These observations suggest that under many circtlmstances, the

weak link in the polarization force induced chains of particles lies at the electrode particle

interface rather than between particles within the chain.

By intuition, we expect the disturbance to the electric field due to the grooves to be most

prominent close to the edge of a groove. Prelimiinary finite element calculations for our particular

groove geometry show that the electric field can increase up to a factor of two next to the edge

-----------
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compared to everywhere else along the electrode surface or across the gap. Also the relative

position of the grooves at the two plates has no effect on the electric field (i.e., the disturbances

appear to be decoupled). Based on this information we argue that the periodic stress trace for

system 3 is not due to a change in the electric field experienced by the particles.

After eliminating variations of the electric field as being at the origin of the periodic stress

curves, we are drawn to an explanation that this behavior of the stress is the result of tile

existence of two types of sites of attraction (strong and weak) on the surface of the electrode

(which are allowed to interact). These two sites give rise to stands that deform 1) according to

a no slip B.C. and 2) a stick-slip B.C respectively. Thle minimum stress corresponds tnainly to

the counuibution of all the stands not associated with the edges of tile grooves since at that time

they are weakly strained. The difference between the maximum and the minimum stresses is a

measure of the stress associated with the strands that arc associated with the grooves and is an

itndication, measure of the true dynaniic yield stress of the suspension if all particles were

incorporated into strands which experienced a no slip B.C..

The period of the stress pattern is inversely proportional to the imposed shear rate for a

range of shear rates from 1.995x10 3 to 1.979x10-2 s". Visual observations during oscillation

experiments confirn tite distinction of two types of strands indicated by the shcaring experiments.

Of course, the parallel plate geometry with the variable shear rate and distance between thle

grooves across the plate compiicates the analysis. Experiments with polyanilioc particles, of a

much smaller and polvdisperse size and irregular shape, in silicone oil have shown the same

periodic behavior for the stress.

The lack of increases seen with electrodes with grooves cut in the direction of the velocity
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field are then understood in two ways. First, that the accumulation of particles at the edges of

the grooves creates coarse structures at the very regions of the no slip B.C. and as a result what

is gained because of its realization is lost because of the lower stress transfer capability of thicker

structures. The reason that these electrodes do not show a periodic stress trace is that the two

sites (strong, weak) do not interact with each other. Alternatively, it can be understood in terms

of the a•ak of a blocking of particle slip. While grooves perpendicular to the velocity direction

create local potential minima which resist particle displacements in the velocity direction, grooves

parallel to the velocity dirmction offer no such blocking action. Thus while columns of particles

are expected with grooves parallel to the velocity direction, these grooves offer no mechanism

to produce a no slip boundary condition.

CONCLUSIONS AND FUTURE WORK

From the above described experiments on our generic ER fluid we can arrive at the

following conclusions:

1. Single particle width strands will be very hard to realize experimentally even under

conditions that provide for very localized stnrctures.

2. Localization of the suspension structure can be achieved and can be visually observed

when grooves are cut on the surface of the electrode perpendicular to the velocity direction.

3. The existence of two types of sites on the surface of the electrode with: a) strung

attraction next to the edges of the grooves (stick) and b) weak attraction at the smooth surface

(stick-slip) seems to be supxported by visualization of the suspension under shearing aind
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oscillation experiments.

4. Columnar structures with both ends lying near the edges of grooves do not slip but

strain and break in the middle of die gap. On the contrary, stuands associated with the smooth

part of the electrode follow a stick-slip pattern of deformation (motion). Therefore, increases in

the value of the yield stress can be effected by reducing slip of the particles at the wall.

5. The above observations provide a reasonable explanation for both the twofold increase

in the stress and its periodic nature with time.

6. Creating a pattern of grooves perpendicular to the velocity direction on the surface of

an otherwise smooth electrode results in twofold increases in the dynamic yield stress while

keeping the current tie same.

Continuing investigations are underway in order to evauate; 1) the influence of a uniforut

roughness on die surface of the electrodes of the order of the particle size (rough surfaces of

roughness of about 100li.n and 5(4urO, 2) the effect of varying the number of tile grooves, and,

3) the effect of the particle diameter. We also plani to perform experiments with concentric

cylinders where many complications that are present in the parallel plates are absent.
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ABSTRACTr
The dynamic stress response ol a model clectrorheitlogical (E-R) fluid systemn to

i-scillating shear strains has been measured. The model system a suspension ot barium
litalnate particles in a nonlaquci u5ssalven i cxlibi h ssubstantial ER ac ivity onily in alternating
(aLc) electric fieds. A ntvec double-modulatio Ot c~hniq~ue. in whlich ic compotnjtetnt ofithe
oscillatintg s hear sIress moduala ted ait twice the freq uency of tthe a pptlied ac electric field is
detect ad.was used to decoaiposics te v ess res ponwcinto a mnodulated etlitponient that results
directly fronit field-ti duced electrostatic interactions between thle suspended partcles and an
mun ma'ulated cant pornett that i's Elie resaIt of mtther interparticle i nteractions. Use :ýf this
ucehnique reveals that thle vis-,octastic respontse oflttle bariutn lilanate swspenlsialts at small

st mitts results fro ritntmt electriost(atic ittterpa rticle itt teract ions, white ifor larger strains tile
directlv. :cad- induced interact iott:, do)minate. Tho measured ftcld -dependent mod ~ruIi and sta lie.
yield stresses, are comparedI with the resultso 1) lttie-eleninent calculttiotns oili orderied arrays
at dielectric spiteres emibedded fii a dielectric ttedium. Thie tgood agreetnren t a I the

pretilictots of thlis nia;Jl with these and other experittlnts dentonstr-ates that thle electrostatic

no del suceessi uh' deseribc, 'lie hled- inde ccd bhelms ta of this class oil ER fluids.

s I. Introduc~ion

LDcstgoitig el, iiheologict;l (UER) tii ods that Will etmtthle tile developm~enlt Lof

ada :jvc OF acti1Ve elecVJr:Mecha ical dICViCcS JJIS as ti t vtttd ERZ researc fC1 ro m its
itmcv1ikth1l -14 Exam pl.'; olt these devicesý inchltde autoomtmive shock tthSorberie'" and
cnigtte n~ionts'5  1-1,tNever, sotnic aotottmitlive and o~therapiainso Rfud
Zile not feasi hie Zi~t presciat hect use tl tilte It- a t ivelv smtatl feld-iradwoced shear stresses
exhibited he' current ER fluidst(). A primary goal (It ER muaterials research is thus to)
1h1trtukiltiIC I IU idl -S 'ste a with htigher field-iolUCCit edS hear StreCSSeS or, fla ilil g til at, to
kindet stanld lthe p~ysicil coHNtrtMtsIM thttt prevent their dvLoptiietiC1t.
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Many rheological studies of ER fluids have focused on steady shear flows at
relatively high shear rates, in part because these flow conditions are encountered in
must devi:zes. Nonetheless, the nature of the 'gels' or weak solids formed by the
application of electric fields in ER fluids can be profitably studied by their dynamic
viscoelastic response at relatively small shear strains and strain rates. For example,
the electric field dependence of the viscoelastic modUli can indicate which interpar-
ticle interactions are responsible for the rigidity of ER gels. Unfortunately, little
agreement on the field dependence has emerged: several studies have identified

)I 12strongly electric-field-dependent shear moduli1 -1, while another found almost no
dependence of the moduli on the magnitude of the field13 . Remarkably large storage

moduli have been observed both in parallel-disc13 and bending-beaml14.5 cxpuri-
ments. Recent analytical12,16 and simulation17 results suggest that the frequaency-
dependent viscoelasticity of ER gels is a sensitive probe ol their structure. The
nonlinear vibcoelastic response of ER gels for stresses beyond the static yield stress
has been characterized by Fourier analysis 18 and by parametric modeling)9 ; the rate
of dissipation of mechanical energy has also been measured in this regime 2'1 .

Important physical insight into clectrorheological phenomena was provided by
the dipole model2 1-24, in which the primary role of the applied electric field E,) in an
ER fluid is to induce a polarization P = uE) in each suspended particle. The
resulting dipole-dipole interparticle forces. which vary as P -P - P, 2, result in well-

known ER phenomena like the ftormation of particle chains, columrns2 , and more
complicated gel structures 25' 26 , as well as the appearance of a nionzer shear modulus

alnd yield stress 10,27,28, While the observed E2 dependence ot the structure fortmation
rate 29 and the yield stress in some ER fluids directly follow from this model, it
severely underestimates the magnitude of the measuied stresses311.

One, source of this discrepancy is tie approximate nature of tie dipole model,
i.e., its neglect of higher-order multipole fields and local-field effects caused by the"•8 91)
interactions of neighboring particles in these dense suspensions2 '- . Approaiches that
have been used to obtain the induced electrostatic torces between particles in ER
solids include series expansions 3 1t 32 and finite element analyses33"35" in the latter, the

decrease in the stored electrostatic energy produced by a shear strain applied to
oldered arrays of particles is equated to the ntmchanical work required to deform the
array quasistatically at constant applied voltiage, allowing the electrostatic contribution
to the shear stress and shear modulus to be calculated 3t 36. As these approachcs
presume quasislatic deformations of the gel structure, they are applicable to field-

induced stresses at small strains and strain rates; to treat ER phenomena at high
a n i6u37dshear rates, they must be amended to include hydrodynamic torces ,'7 They also

do nlot include other interparticle interactions 38 such as screened Coulomb repulsive
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and van der Waals attractive forces
3 9.

These electrostatic models can be used to predict the electrorheological
behavior -- the field-induced shear modulus and static yield stress -- of dense
suspensions of dielectric particles in a dielectric fluid. Both the simple dipole and
more sophisticated electrostatic models suggest that the strongest ER fluids are those
with the largest ratio of particle to fluid dielectric constant. A quantitative test of this
design rule for ER fluids is highly desirable, both to assess our present understanding
of the physics of electrorheology and to suggest how one can make better ER fluids.

The dynamic viscoelasticity of a model anhydrous ER fluid at very small strains
and strain rates is reported here. In order to extract that portion of the shear stress
response that results directly from the induced particle polarization in this system, a
double-modulation technique -- detection of the shear-stress modulation induced by
sinuosoidal electrical excitation at a frequency higher thar' the mechanical oscillation

frequency -- has been used. The field-controlled moduli and yield stresses obtained
from this technique were compared with the predictions of a finite-element model for
the stored electrostatic energy; the agreemnent obtained demonstrates that the
electrically-induced contribution to the shear stress does indeed result from the
storage of electrostatic energy in ER fluids consisting of dielectric particles in
insulating liquids. However, the field-independent moduli observed at very small
strains are apparently due to other interparticle intecactions that are indirect
consequences of field-induced structure formation.

In the following, the techniques used for the viscoelastic measurements will be
detailed and results for a model fluid will be presented. The modeling techniques
used to predict the field-induced moduli will be outlmiod and results will be compared
with experiment.

2. Experimental Methods

The model fluids utilized in this study were composed of barium titanate

particles (TAM Ceramics) having K = 2 0 0040, suspended at volume fractions (ý =
0.20 in dudecane (Kf= 2 .0) or silicone oil (Kf = 2.5). The notation that ci = Ki((),
where i = p or f for particle or fluid respectively, and where Ej is the permittivity, Ki
is the relative permittivity, and E is the permittivity of free space, 8.85417 x 10'12
F/m, is used throughout this paper. The particles were dried in vacuo at tempera-
tures greater than 120 'C for eight hours prior to dispersion in the suspending fluids.
The equivalent spherical diameter of the particles, 1.3 ± 0.3 /Am, was estimateJ by
optical microscopy; the particles were irregular polyhedra in shape. As described by
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Garino, et a1.40, a simuall il•.ount of the surfactant OLOA 12(110 (Chevron) was added

to the dodecane suspensions to enable particle dispersal. The fluid samples weic
thoroughly mixed prior it the rhenlogicll measurements. All data were taken at

room temperature. T = 22 ± 1 'C.
A controlled-strain rheorneter system was constructed around a microstepping

motor (Parker Cornpumotor DR 1008B) having 5.1 x 1015 steps per revolution. The

angular position of the motor was determined by an optical lever: the deflection of
a He-Ne laser beam from a mirror attached to the motor was detected by a linear

position sensor (Advanced Photonix SD 1166). The motor position was controlled

by a closed-loop proportional feedback loop that compared the measured angular
position with an analog reference signal derived fromn a function generator (Fxact
627), allowing sinuosoidal or other oscillatoty motion to be generated. The rnaximunm
frequency at which the motor oscillations could be controlled was about 20 Hz. Both

Couette (cup and bob) and parallel disc fixtures constructed of stainless steel were
utilized; the motor drove the grounded outer cup in the Colette geometry or the
lower disc in the rotating disc geometry.

The torque transmitted through the sample to the nominally stationary fixture
was measured using a strain-gauge-hascd sensor (Sensotec QWLC-8M) electrically
isolated ftom the fixture by a length of machinable glass-ceramic. High voltage was

applied to the upper fixture using a high voltage amplifier (Trek 10/10) driven by a

second signal generator (Wavetek 75); high voltage sinuosoidal waveforms with a 2(1
kl-lz bandwidth were available. The angular compliance of the upper fixture/torque

sensor assembly, - 1250 N-m/rad, was measured using a second optical lever, estab-

lishilng the propportionality of the torque signal and the angular position of the fixture.
and thus allowing the mcasuremlenl aind Icedback control of the aet angular deflec-

tion ot the smnple. Knowledge and con1trol of the IICt shear strain Was essellnial to

characterize the FR gel viscoela:ticity at small strain anplitudes1. T'he torsional

esULiance Of thc CoucttC fixture was identified ait - 40110( Hz. As Lou et al. have

pjincIld out, this iesonan1CC pliices an ul~pcr limit on Ithe frcIIuencv oL the aIc fiCldls
that can be applied without involving eoinp1licatiOns due to fixture dynanlicsS'l4K
consequently, tile excitation flrquenciCs used ill this study were well below it.

Time series of the strain, stress, applied high voltage, and curreInt were stlore'

anLd averaged in a digitizing oscilloc pe1W (IlelCtonix 11401). The in-phase (storage,

ol') atnd quadrature (loss, 01") cO.ulip ulenits o! the peak total stress Ot1(to) = 1(Ot')2

+ (R]"u)]1/2 were measured viN IlIhsC-Mcnsitive detection using a lockin amplilier

(Staniord Research Systems SR 85(0). Tlie subscript '1' dellotets 11he cfllporllent of
the stress at the fundamental 1i equency I. of the oscillating applied straill; hliglerl udd

harmonics appear ill the nonllnllear viscuclasti- rcgilltluC. lBecetIse ac electric fields
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are applied to the s5ial;lpe as it is sheared, at pa(rtion of the stress is modulated at
twice the trequency tc of the electric field: in effect, the polarization-induced
interparticle forces responsihle f'or the ER effect are turned on and off each timne tile

electric held is r-educed to zero. The double-modulation technique involves detecting:
this superimposed sti Css modulation with a second lockin amplifier; the components
of tliht amplitude which varied with the applied strain were detected by a third lockin
tuned to f1. In order to minimize systematic errors due to the sensitivity of the
sample rheology to excitation and strain histoiy, the samples were 'conditioned'"3 by
the application of high ficids (typically 3 kV/mm peak) and nonzero strain amplitudes
S- 10(-3) for several minutes hefore data taking at each new field.

3. Experimental Results

Electrification of ER fluids containing highly polarizable particles like barium
titnnate or other metal oxides by high dc electric fields leads to surprisingly small
field-induced shear stresses4 3'44. However, ac excitation at frequencies as low as a
few l iz gives rise to substantial ER activity4'045 ! Thesc observations are significant,

although not widely appreciated; they demonstrate that particle polarization is
moderated by the particle-fluid conductivity mismatch in dc fields, and that only in
ac fields does the dielectric mismatch control the polarization and the resulting ER
imCtlvity 33'34'46, They also reflect that electrophoretic deposition of the particles il dc
fields can interfere with ER activity47.

An example of the time-dependent shear stress induced by the simultaneous
application of' a f', = I Hz sinuosoidal shear strain oft peak amplitude "Ypeak I- 102,

Fig. I a, and a = Itt l z sinuosoidal electric field of peak amplitude 3 kV/:lm, Fig.
11, is shown in Fig. 1c. Several interesting features can be discerned from these data.
First, a portion of the shear stress is clearly modulated at twice the frequtency at the

Ppplied electric fieIdI: this portion resuIlts direccly Iirom field-induced electrostatic
interactions. Fo justify tile observed frequency doubling, consider a time-dependent
electric field E(t) that varies as Eticos(2"rf-,t). Assuming that the interparticle
p)olarization-induced force varies as E 2(t), tile resulting shear stress varies as
-11

2cos2( 27rfct) = E,,2(I + cos(4-rfct))/2. Thus the frequency at which the directly
field-induced stress varies is 2fc, as is found experimentally. Another possible source
of stress modulation at 2fc is the periodic distortion of the ER gel structure induced
by the simultaneous application of shear and ac electric fields 48. Second, inspection
ol Fig. Ic reveals that an underlying compOnent of tile shear stress is not mo1dulated
'it 2ft. This unmodulated component may be k, ausibly ascribed to other interparticle

Ico
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Figure 1: The time dependence of (a) the shear strain y, (b) the electric fi'Id E, and
(c) the resulting stress u of a 4 0.2 BaTiO 3 suspension in a Corvette geometry.
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interactions, e.g., van der Waals attractive forces, that becorne relevant because of
polarization-induced interparticle contact in the ER gel structure. Third, the over'tll
stress envelope is not linearly related to the applied sinuosoidal strain: nonlinear or
yield phenomena are thus encountered even at a strain amplitude of only 10-2 in this
system.

Indeed, a linear viscoelastic regime is observed only for "Ypcak < 6 X 10-4; in
this regime, the storage modules is virtually independent of field and is quite large,
of the order of several hundred kPa4 . In order to quantify the induced electrostatic
contribution to the viscoelastic response of the model fluid, the magnitude of the total

shear stress, a,("') I (Fig, 2a), as well as the portion of the shear stress modulated
at 2fI, I at(vi)I (Fig. 2b), were measured as a function of peak strain amplitude (f• =

2 Hz) and root-mean-square (rmls) electric field amplitude (sinuosoidal excitation with
fc = 2( Hz). Referring to Fig. 1c, it is noted that Iol(t) is qualitatively related to
the smoothed amplitude of the total shear stress while IoI (c)I is comparable to the

peak amplitude of the field-modulated portion of the stress. Fig. 2 reveals that the
total shear stress is dominated by non-field-induced interactions for -ypek < 2 x M-3,
while the direct contribution from particle polarization dominates for larger strains,

The linear variation of the polarization-induced stress with strain at small
strains allows one to obtain a polarization-induced modulus whose magnitude

I G I(el) I is defined as d q() I /d-y,,.k in the limit of small sti esses. The field depen-
dence of the measured IGI(CI)i is compared with a fit to the expected quadratic
dependence on electric field in Fig. 3. A departure from the expected E2 depen-

dence may indicate, e.g., the preseuice of tonlinear conductivity effects5-.
The characteristic strain at which the electrostatic component of the stress

saturates, - ()-2 , is qualitatively related to the dimensionless range of the relevant
interparticle interactions; that this strain is two orders of magnitude smaller than

predicted from the dipole model is consistent with the relevance nf short-range
multipole electrostatic interactions. The plateau in lit(ci)l observed for Jhe largest
strains can be associated with the polarization-induced contribution to the static yield
stress ay. These polarization-induced stresses and Moiduli will now be cumpared with
the predictions of an electrostatic triodel of the HR effect.

4. T1heory

In this section, the finite clcrwent analysis (FEA) ot the stresses in an ER fluid
is sketched; the method has beet-, described pre,,iously33"35. The previous analysis is

modified by intr d eini g an axi ynmietric model, which is contptatitimnally more
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30 L5 'i,=O.2 BaTiO. in dodecane

CL 20

-15

K10

0 1 2 3
Erm (kV/mm)

Figure 3: Thle va rimtion of tile e lectrostati coC(n trihut ion to thle sl heir no1d uILI uWith)
rils electric field, TFie solid linle is it fit to the( expeCtedl F2 dependenice.

eflicie at thanl tile lull threeu dimensional (3D) moldel used iii prior work. Thle analysis
IS alSO exIC ended by explIiCitly caIleulaItinlg thle staltic yield stres As hCt'orC, only
Single clia ins are conlsidered: c us tctirig of clhains into columnns is heyontd the Scope
ol this work.

A dili gra11 01) tC ie model, Fig. 4, ShIOWS oneC Sl heCrILaII prtni cle anrd its u nit cell
inl tile chainl. The chain is :Iligned ahmng thle applied electric field I, P whnich is taken
to Ile thle Z directOn1. InI thle ILill 31)0 DodelC, it Wits akssumeRd that thle ,I- ains were
arran1gedI Onl a sclUare lattice in the xý plane. I inwevci, for dilute Concentrations (d)

(10.2 was used inl these calculations), thle stresses should 110t he senIsitive to the
lateral arrangement of Ilie chains, It is reasonable ito assume that thle chains are

tiranedsoielrtrnolyIII, suggeStinIg that inivokinig tylinidricailsymmii-:try ab~out, thle
z ax is is a goo d op p ioximatitior. Th us, tilie hOI u dary condit ion that t he hiaterial
COIlIrIOneCIlt of lie electric field (E.) vanishes onl thc cylindrical surface detined by p
= W is imposed. Thle size of the cylinder is determined by the volume fractionl o1

particles: W =(2R/313pq) /2 whe~re R Is the par-ticle radius. Thle cernter-10-Ccnl rl
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Tz

h

Figure 4: Axisymmetric geometry used for finite-element calculations. One ot an
infinite chain of particles is shown. The unit cell is shown with dashed lines and the
computational region with solid lines. The applied electric field is in the z direction.

distance between adjacent particles in the chain is d = 2h. The rmnaining boundary
conditions are: the potential b = -Fjh on the plane at z = li, 4' =) on the plane
a, z = 0, k and the normal component of the displacement D = (E are continuous
at the surface of the particle. Laplace's equation V2(P = 0 with these bOUndary
conditions is solved by the FEA code ABAQUS (frormi Hibbit, Karlsson, and
Sorenson, Inc., Providence, RI) to find the potentiaul and electric field everywhere in

the unit cell.
An effective dielectric constant, Kl,((, is calculated from ile integral of 1).

ovei tile upper surface of tile unit LAcll (z = h):

w
Kf 1Eo1 r.W2 = D z2rpdo. (1)

Repre' 'ntal e plo t s of KCfr vs i = 211 have been displayed in Ret. 34.
il'e analysis fron this point on is based upon the approixinmation that the

dwlnimant effect in the. shear stress a is due to the stretching of the chains, as has
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been justified in Ret. 34. We take Ih = Ili sueO0 , where 0O, is the shear angle and h,
> R (If particles touch the equality hold.%.). The shear stress is given by 33'3 4

I 3 KeffC2()
2.L aO()

where

Miff dKcheO1n(. (3)

The derivative with respect to h1 is taken with the volumne traction ý6 held Constant
(thus W varies with h), because aI shear strain preserves the volume ot the unit cull.

The shear stress or goes as GOO for small shear strains. The modulus G can

hie found from Eqls. (2) mid (3) to bie

IdK~,1B (ho) ;2 (4)

'The dependence Ot the shear modulus on interparticle spacing fori-Crpresentative
ratios (it dielectric constants is shown in Fig. 5. Tlhe derivative is evaluated at three
different values Of the gap 25 between patrticles at zero shear and is p)lotted against

6R= (hn0R)/R, hi) being the miiinimum allowed value Of hi. For typical mnicron-sized

particles, the smaillest gap considered is only aI few nanometers. As is clear from
the figure, ',he modulus is sensitive to the assumed gap. P'revious calculations3 3 in
effect aIssumedL 6/R = 5.55 x 10-V leaingt mle auso .Freape i

Kp/K 25, the full 3D calculation at this larger gal) gave G~ = 445 P'a with q) (--.2
and Eý 2 kVmml. Taking KJ~ft = 10001 and at plausible value of 6/R =3 x HYt~
the predicted shear moduli are in good agreemlent with the explerimnlital r ulirizat on-

induced moduli in the barium titanate system. Fig. 3.
130o1necaZe and Brady .16 have suggested that thev static yield stress ovcan be

de-ermined by Ciaiding the maximum Value ot u as a function Of 0,). Evaluating Eqs.

(2'i and (3) numiner icalIly from the FEA, the dependence of the yield stress oil Kp has
been determined; thle results scale ats E12 anod are proportional to Kfor ftked l%1K1.
For dilute concentrations, o, is linear in 4ý. Results are plotted for Kt' =2, 4) =(1.2.
andI L1 = I kVmm in Fig. 0.

Experimental vaIlue.s of 6 are also compared to this FEA theory in I11g. 0.
The circles arc data of Garinlo, e,, 1l.t0, While the square was Obtained from the
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Figure 5: 01CaluhIte shear miodulus vs. interpar1ticle gpp 25 - 2( liý -R), where Iij is
the 11iii osep alo . The dotted linle isat i a alyic app ox imothiot foru pariticl es
m' th infinite dielectric constant11 3 5.

polarization-induced data inl Fig. 21). Tlhe ILuidS are comprised of 'iO 2. Sr'IiO~j, mid

Bal'i0 3 p articles (K 1) = 7(0, 270), and 2(000, resp~ectively) susp1enlded at 0 (10.2 inl

dodecanle (K, = 2). All dama were collected with aic excitation to reduce or eliminate

conductivity effects (See Rets .34 and 46). To the authors'knowledge, this is the first

v'ctld comparison o'] the di'le'citic niismuiach themY ivnd e'xperimlent. Previous

cotltlmrisons (e.g., Refs. 12, 31, and 51) have been made to dc data. for which a

conduI~ctivity mli.sFYatch theCory 34 is more upplicahic. Althtough the dielectric theory

iippears to overestiml~ate the meaCIsured Yield stresses, it aIccounts for both tie observed

ordet of magnitude and the trend with Kp Sincc vnrious factors such us incomplete

chaining and slipping at the electrodes; weaken the ideal single chain ValluIes, it is not

surprising that the experimental values tall helow theory.

The dielectric mismatch theory has essntmially been verified for these fluids

underLA iac exitalti(n. Other faictors thaýt could inlfluenice the measured shear stresses

tincluode t he intilluenlce of ( rathe r s ubsta [it ia ) not ice ro ugh tess, pa~rt iclIe situape efleets,

I o lydis pers ity. Coun) uiitikroaliat ittl 01 orther structurIal Cmp I )icat inns. The re leva ice
oA other colloidal I itteractionis inl ER rheology is suggested by thle nearly field-

indepenldent mo1duli observed inl the linear visenelastic regimec of the model systems
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IUigure 6: Y ield st iess, vs. part icel die lectr ic constat litThorcijeal vaklus (II)a fr onm
finjic-clenient CklCIIlaI;0ns1; expe-rimiental danta arc from Ref'. 401 (S ) and the presenlt
work (8).

studied heore and of quite different E R Iluids K. Otherl IIR fluidIS operiated undeLrC dC
electric fields, part icul arly those(leve VI j)tLd C11CI n icre1l y. Ofl[ Ic OPSSCSS larger "lciela
streCsses thalt COII WId el i nvolve di Wire at niCe IUISM nisista thel 0Ci elMCCUe t r -Ic h rei~t in
MeChan11is11 studied here.

5. Summary

The dynaminic vi scoelikst icily of at no del han ci nt titan te ILR fluid hias hcene x -
ph red. A\ di u le-mI llu lat ion tech ii q w in which the sam pies are excited withl
sin ousoid a Il efei lie ids at at frequenI1cy higherl t haiil the( fre qwe n cy of momi chincal
st rain. hitis hecii used to deco inpose thle shicar. Strless respo ase into I lle C oimp onet1
that iý dir et ly coottrolled ii y fie Id-mnd iced particle polarization a ad a Iiit her that is not
nl ~Iidol a d by the hlId. l'he tin mi iduhlt ed cominponeniit. Which m ay rellect otherl
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colluidal interactiuns such as van der Waals attractive forces, dominates the stress
response at very small strains. The expected 1) darization-induced forces control thle

,shear1 stress at higher straims. The electrostatic interactions are mudeled by a finite-
element technique that has been used lo calculate the fiuld-induced shear mnodulus
and yield stress of ordered chains (if dielectric particles. The FI3A predictions ot the
utIOdliH and yield streSSes are iii good agreement with the po(lar-izationi-conitrolledI
experimental vatlueS repjorted here as; Well its With pre'vio)us literature valIueS on i Silnilar

Model systems.
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;L.crt' at d.

Th. "hiii t t "f mi R ro entit r is o1 taw rate of flew through an Ell valve Tii'
objectil ltf''e is to ,,e if tm' results obtained in the previous experimelts 'aul 1)( irsed
t, fa-u.1iov a sumc( sful imudel of Ell valve flow which would, in effect. complete thte
routte bIoW'N0 the iti'iole model annd evice ap)lications

Ii ildl of these•, expriml'its, tire ER fluid consisted of dried silica gel prrtich's in

vacuuiimb 101111)p oil. Mei.,iuremnents gave the silica gel dielectric cozistmiwt (i'mler.sed
In oil) I. 3.9 amid that of the oil ldone vas 2.1. US Standard ýive.,b wv-r used t, smit

the lir'. idles •'ý'oroiing to size.

D,-tiuled accournts of the first two experimnimts, d:,iam (it-<efnatim. wnd falling
14i1. aret given r'Lwhere' " mid oil)y highlighl.s will l, prem-winte'd herf . The fiisl
W1.' l'lll 'olCeluiing flow inl Ell valves has rot liven previously publishied w.ill is Invw

Airal]'m-,; of .heiw raLher (lifferent exl)eriamita- situation-, show that with proper ap

j'll o•'ttt it(- h 1iced klipri Mh' itodt'l can, give a fairly cc'utrat e' descriltiot of oise 'ive' d
,'hara -cteri.stic-.

2. Chain Defo-t'matioi

A single chain of parti'lei, is formed inu squire flow tube of crus- section 6 x 6
rM11 2 . The electric field E is 1,6 kV/ILnzs alnd the average flow velocity is 4,2 immm/s
Since the Reynolds number is 01. la.Lainar flow is assui,i..d. I'he "hamii is ols'rv-vd
and photographed through a transparenit side of the flow tube.

F LOW Yr

FIELD .
X

Fig.l. (a) Chain shape, with electric field along z and fluid flow along V. (b) Idealized chain
segment of identical spherical particles

Introiltcing dimens.ordess cordinates X = :/L, Y - y/L, and Z = :/L where
L is one-half of a tube side, we have the flow velocity in the y direction approximated

as

v vO(1- X 2 ) (2.1)

where v@ is the flow velociiy at the tube center. In the steady state, the chain shape

is determntined by Lhe balmace between) external force (fluid drag) and internal force
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(assumed to be dipo~e-dipole interaction),

df/ds - F = 0, (2.2)

where df/ds and F are, respectively, the internal force and external force per unit
chain length s. The drag force is in the y direction, given by

Fm = kv&x/8s, (2.3)

where k is the proportionality constant or drag co,.-fficient. We approximate the vis-
cons flow patist the chain by considering it as a thin cylinder anud use, a result already
derived for tins case.9 The internal chain force is caldculatd with the following sinipli-
ibed aLssumptious: each lpart;cle is t.,oigled ail avwrage illdU'ed' ioint.- di oh o tit
p aligned along the electric field, and only narest-neighbor iiitftactionsC arn, Col-
sidered. A schematic illustrating the assumed systenl with coordinates is shown in
Fig.1. The interaction pot vntial hetween adjacent (lil,,h's is then p4( 1 - 3 cost' 0)/r1 ,
fron, which the intr rnal for,'e comnnpo1 )nents in thex and j dirrections caln Ibe c'l cuallattd

f 1  cz, ,os 19(5 <'cos2  ) - / 1"4

f =311 sill F(5 cos(2  - 3)/,"4.

For thc st eady state, the. v(juiiiuritit of kidl forces pro'vi'.des

f,/, . -, 0, =(If -- ,(Oi/OD). (2.5)

It follows that f, is it cotistallt. Thus, it is cl'h.r that the stret,'h r changes with 0.
At thi, maximum tuangle 0, th', chain i hms thi mimnial t ,stretcih. The' ixperienrits find
the nmaximnuln angle 0., = (0.35. if we assmne that r = D at 0Q, then we have

f, = 41/2 /D4 = 4 (2.6)

From Eqs.(2.3j) and (2.4), we have

-- -keL(X -- Xý/ 3 ). (7)

Since tan8 = Y' = dY/dX, we combine Eqs.(2.5), (2.6), and (2.7) to obtain alt
eqe at. ion

Y'14 - (Y')'11(2 - 3(Y')'2 = -(kv 1 L/A)(X -- X/3). (2.8)

he'hcic are three roots for -4" from Eq.(2.8), but only one( of them has the proper
sVy,,',etry Subsequent integration gives die chain shape y(X) which, depends oit
on~y a .i:lg)c parameter c - kioL/A.
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For c = 2.0 the calculated chain shape gives an excellent fit to that observed,
as shown inl Fig.2. The discrepancy at thc chain endl is due to the observed fact
that there the chain becomes several particles in thickness (imultiple chaini). Since
the fluid velocity approaches zero at the tube wall, there is a natural accumulation
of particles at that portion of the chain. For thle remainder of thle chain, thle- match
of observed and calculated shapes is actually a strong test of the dipole mnodel
because the shape depends ,-tically onl thle internal force vector. Unlike simple)h
tension as in a rope or (,able, tile. dipole force vector is generally nut tangent to t he
ER chain. If, in fact, we aussunie a tension-like internal force, thle 4 alctthat~ed slotpe
dliffers significantly froin the one observed.

y

0.2-

m .~ultil 
q.

0 1-

-1-0.5 0.0
X

F-ig '2 t.')tit 4INari()t of ,I,&'rem d tli~la lint) and -,it, ulaL,-d liaslitd hm ) in, a Ih slhfli'5 11 Alf 'tj
Liii' chniusu s shown, with itt electrodie at x= I

The value of the parameter c that is Calculated from e'xper.imenItl pIII r ijlt itsvý

Of 8.6 as compl~are(l to Otit value 2,0 giving the best cuirve lit. It is probabhly iiot
Oln S(Jii~leto ascri 1w thbe d iscrej nuicy to th IEvariouis Oi iha isf tIln.-

(spherical part icle's 4f un iiforn Size, on UIly iU'arest -nieighbl in it erac tions. et *.) Fort

exini ip It' a far to- Of tw'ao inl thle 1-1Cal cUltI1 aOf thle Ii zagnlitl tab I t le' ta'u 'rage m ilIt'II
dipo~ l( iolinezit wotuld elimiinate the (qUantitatilie discertpanly Of thli' Pnillt(14

3. Falling Ball

A lAwssic vc'htii(Itiv for determinling thle Viscosity of a simple thod relites on
l!1ClLS1!lin ig aL fall i ig 1 oil'S terni noiii velocity, at taind iie I l m til he itart Iinzg ft rer' t it'
to viscouis drag equals the buoyant weight of the ball, Ilt anl ER tittt(l. t hmei- MUK
aldditional retardinzg forces due21 to th. I ' ent Iing iii d brvenki ig of t a Ell s truiturv t
(palrticl c hel ains and colunmns)I ir, th lit'hal's path. Thus% the' experiiiviott V ait j)lO'(j(id

insights into the strength tuid dyniamiics of tho~se structtmres.

The falling balls here are dark (Ithotet~l glaSN ShdII'reS 5 tutu1 N1 liatitet e'rimt
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of-flight vclocities arc obtained fromn the intcrception of two laser beamns sensed by
photo-diodes. Tile silica gel particles for the ER fluid were passed through set of
U.S. Standard sieves to give the- following se, of riverage particle diamieters: 115,
138, 16.5 and 215 pill. For each, the particles were mixd with vaculun pumip
oil at the following volume concentrat ions: 1.5, 3.0 and 6.0% For each size aid
C-oncentration, the electric ficld was increased in a scries of steps to the point where
the hall ceased to fall.

LO d - 165ýu0r

C - .03

V2 (kvIcu)2
Fig.3: Typical ralli iig ball data plotte tit accord WILIIi E'q (3.2) .iymb l arr o ;Lý in Otht tv I.

To match Otit observed dependence of velocity v' onl tit( field E, it IS neCCessary
to inv~oke uit equation -)f the( formi

tny=37D71ote + AE't. + BE' (3.1)

where rtiOy is thev hall's buioyant weight, D is its diamneter. 11) is thfe fluidI viscosity at
zero field. alit' A andI B are soitue constants. The first term on the right side of this
equaition is the viscouis drag forci- ont the ball in the we! known Stokes formn. The
next terin represents sonie force proportional to both tl velocity and the square of
the( field, while the last termn is at retarding force propolt ional to the field squared.
After algebraic mnanipuilation. Eq.( 3.1) can be written as

(Il+aE 2 )V/VO + E2  1(3.2)

where ?,j) = ttog/(37rDrjo) is the ball's steady falling velocity at zero field, o
.4/( 37rDtjt, )anld /3 = B/( tuy) . Introducing At, = 1'( - t', we write, FX.( 3.2) w,,



follows

EVv 5/Av = (1 + aE 2 )/(Ck + /3.(3.3)

Experimenrt~ally, we measure the ball's velocity v at a series of values of electric field
E. Therefore, according to Eq.(3.3), a data plot of E 2 VO/At, VS. E2 shou'.d give a
straight line if the form of Eq.(3. 1) is correct.

Fig.3 Shows a typical data plot, illustrating the desired linearity. Froin the
slope and intercept of the line, we obtain the values of a and /3 iappropfriatc to that
pairticle concentratioti and particlte size. We findi that. ') hence A, the ve' ffieivinr of
tI w term t'E- is propiortionial to bo1th th e )ar-ti the volu InI fraction (- and the partictle
size, While fl, hience B, the' coefficient. of Lhie term inl E 2 is. independent, of piarticel(
size and. varics withi volumtie fraction a.,; r - co, with rii = 0.014. As showni later. o
is associdatedi withI tri-iisient effet,(ts oil structures inl th e ERfl fi id~. It. nmay It noedli L
that. the value of niE' ecxeeds imity at the higher fields used. The signlific-antce of
H is v jdelet whlo' thel (li trti c field is ju st. large enough to stop the b all's tillotii. 1)

(,=0); ill that case, HE' =I. This is the( Yield point of the ER flutid (propmrt iotiii
to thle yield st less) wlie e tilie We ighit of the 1 nil is I alanlce I by thle chaui i itlel gthI

IIaderI the ball. The Nield si tss data of Maisliall r*i al also ;liow t li s-,ow r (,(i oil
v'oltiiiv fraction,.1

()Ill theorel(ticald ;u1i;Llvss if tine ablove resiults prwe e'eus It., follows. ( )te oif I lie
retrdlitig forces ohl the ball rlici:, floiii the' work rlqmiiidl to break rhanis ili iti

path. Wititti li (.1laa. t lie uhipol, hond entiergy pvt Inutleich eati bc writtvtii a,
U No Ka EK witeu K is, ;i fimet 10t1 of 1)'luti ide1 azicl fhil uhile tic( OiSt luits Ni Il H

PlS54'Iti;LllV (Ill h)oodslS t~ h' )I a bull of, iiattietet 1) fatllitig ;I Li%.,,c t Ill-
tlkiiiaiet of ho itel, Inokcii Is, iui I I ).%. whet, 4i is IS li int 11cf pativitics per i11iit
voluitti cooitiitiiei II cireit:. atil 1, is the cljait letigih 11 (tte 111-1IL''t I I111 ~jiitI 1'11V

Wvet-k All' ;-cqmIii- p.d11 b,-ii ?1)N 'A... :ld iiih 5 1 1 1ii ieclat ed t ()I lie pillrtiehil volmitti
fravt i ill In 1 1/ ~ ,o Ow thclnam 1iri~kig foice ! A1V/A.. is

I: - ( 3/-17T )1, ciý ( 1 1 3.41

.vhiite 4 / is i 1 tt 11,11'1 flilutititi 110t Cooltui~iied ill olimitis.

D)urinig st rtetciiaig, t hic cliaitis tliill though it vjsccoiis tIte-liculi and cX~m.1i~t-i-c

dlluii forcte Tiiic iiitiiii icis.'i't of twoi tegiliiis: a brief itiit itil aeceleri atIo iuid t lieul
iiiiit lou iii (01151 iltit 'iii cit ' Mijil I chitiiiz hItrcal For OW kle t ii.Iý lie iall is liS~elh

devihi puii fiiu tilie fiLae of ch1alin ueforutIllot o iitiiolt stcoich flwi(%-call be eiiii loxill.
te Ithe dra g for Ce IS Voqliili, ito I lnii W -16' Ititiria ( dip;la foii ( i1, iijiioui'iit iilotmg

thec fallilg hall's clititictioi Thlliet the( worktinie j-(1 ivlIs appioxlmuivly l( Ili ii gruil
of t-. li dipole folce cotiilaivit ovet defi riiatlitic' fromtui( /it, ) thut of hti-rkinyg. 13ý
Cioisii1leritig the tiliiilober of c.1leans elucolutitcred by the. hall ill distaitre A.oild till,
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number of bonds in a chain contributing to the dlipole force, we obtain the retardinig
force Fd due to chain drag as

Ed = F, 35

where F, is given by Eq.(3.4).

The initial acceleration regime is treated by converting the st~eady state analysis
of chain deformations to at time-dependent eqtuation of motion. The situation is
analogous to that of at flexible rod inl a viscous fluid undergoing an llimpact at its

center, where the initial dieformiationi depends onl the( velocity of the impact as wvll
as the st-iffiiess of tile rod. Ani e'Xact sColltioll of the( luot ionl equation for imipact by
at sphere is impractical, anid so we make some crudle app~jroxiIIationIS, eý.g., repplaciiig
the sphere by a cubec. Not only coniplete chains Ilut also Segments as, short as
two to three particles ini length should be counited, since they a~lso will be sub ject
to thle inlipact-accelerationl process described, so if we. assunilt that essentially% aIll
particles are either inl compilete chains" or scKgiio'nts," thcii thec result depends onl tin',
total volume fraction c, rather than c - co as ill the earlier cases. Thec vxpm'essionm
Obtained for the accelerative retarding force, is Cien cahcldatedl as

F, (1G/A)pD-2IKaeoE- (.

where k is a chain's drag coefficient per unit lenigth. Despite the crudei approxinlia-
tions eiu1)loyed, the expressioni should be Correct to an order uf inlagimitude.

The total ER retarding force Fr, +I Fd + F,, contains te(rums mi E' and inl tE
2.

This is thle form assu medI inl LE.(3.1), wh1icih has been sion to fit.i thl e dat.a. The
anady tic expression for the coefficienits (I and [I are contain, d ill Eqls. (3.4), (3.5) and
(3.6). Their dependence oti pairticle siz/e and colic, jitratioli is ii, agrceiement. with the
expcerimiental resuilts amentioned earlier. ror (Ijtamititative compiairisnims of aI and /5
with cxperimient, we neced at value for E, thme constant inl the. -xpres'sionl U' =- AQ B
for the bond energy per dipole interaction. Thus, K OIi~mm Lso di~lrc'triC cons~talits
miimd representS tLme local field coi'rection.1 Mangifiiedl vism mdii iSn wet i u of th le chai mis
ill these expeim)e'inets shows thenil to b e a nmin ber of uw 'rag( )ar tid diai' l mii'.1i's iin

thicekn ess , and the sili en gei pal tic hes are vamr iegated ill :i n q o as well as ha v iiig ai
sp~read of sizes. Since the particles will teiid to lbe lose-1macked, a rough estiiiimti' of
K canl be Obtained by viewill iig thick clni ii as, at c uithmw i ui olid, wi th aim mmergy
density of cpE 2/87L. where C, is the( pairticlec dieh-ctric ('oustant. Mult plicittion by thek(

eqiuivalenit volunme of at pair of particles 2( 2c ):' gives the bond eliergy U =2c(cci .' 7 r.
Using thisi r esult, We Ibidl that for u, tlie( rat.i of cye~ir ill i( viral to e ale i Inted m n
is 4.5, and for fl the co rresponiding ratio is 2.1 1ii co nsidel(rat ioni of t lie, ap proxi imate'

miaitine of the caic ulat i(l aisndl also thle fac! thliit, the( effect.- of ci mm i s noit dlvctee I ill

tli(' ball's paithi h ave 1)c it igi "10ed, tim' iiinat cl or f ahc'uatil ondmiIeXii'i111i siel s

satisfactory.
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In sinilnary, the falling ball experiments show that the electric ffield induces two
types of retardinig force, one varying as E' and the other as 1,E 2 . The foriner is
related to the shear -tress an'l varies with volume fraction as - - r(j, indelpendent
of particle size; the latter is proportioiial to b)oth particle size and total volmiilic
fraction. The forces in E2 are associated with chain stretching and breaking mt
conistanit. velocity, while the force v~.ryiig as E2 coIe fro In imus c Ion
chains. This implies, for examnpic, that in othier situations such as t he flow of fluid
through anl ER valve, there wvill be no force varying as yE 2 under steady flow.

4. Flow inl ER Valves

The preceding sections have shown that the induced(l iIpolv miodel, p)roperly ap-
plied, gives a fairly accurate account of piarticuilar laboratur., -(l(signied situlations.
As a final test, we now apply the model to a dlevice wvithi many important appliila-
tiomis, the Eli valve.

For- simplicity the flow is ass 'inmed to be steady state, essentially farmiinir and
unidirectional along an axis Y, anid unbounded ii) a transverse direction z; thc
electric field is along x. Then the Navier-Stokes equation takes the forum

mjO(d -e/dlx 2) + PF - G = 0 (4.1)

where p,~ 'IS thle zero field v ise isit t. e(11(x) is the flow veloc ityv F is ally interinali f irce
Comp ionent. along Ype1ir lin it. voluime, and 1(G is thle p ressu re gradient along y . Ill
the present situation, F relireseiits the viscous drag force on chains furned by the
field. To calculate F, we employ the results hbtainmed iii our earlier Study of clmaimi
deformiation.

The drag force per unit l,ýiigthi df~j/d~q is dhirectedl along the flow direc'tionip
Iii thle steady state Ole drag force is balanced by the chain's internal dipole force.
If the dipole force complonenlt inl the flow (directioni is fq' thenl per un1it length the
b)alance is dfij/ds df5 /Ids, or dIfd/dx =dfy/dx. If there are N chains per unit. area
perpeindicuilar to th e flow. thele tI e total force p~rodluced per mu uit V ionue inl thle flow
dhirectioni is

F. -NY(df'/dxr). (4.2)

In terms of lie syi mbols illustrated ili Fig. 1, th e dipole1 force comphomnent s are' gi vemi
in Eq(J2.4) For the electric field dhirection x, we pumt the elec-trodes at x.r ±L. At.
thle, center (Xn - 0), the( S1oJW angle 0 oif thme clm-ai~s is zero and fy vanishles. Thca
from EqIs.(4. 1) amid (4.2), iiitegrations from xm 0 to x gives

tpi(di'/dx) - Nh -I Gx - 0, (4.3)

snicwe din, / = 0 atx= 0 b y syii iue tr rvAsrn di imite(grateiii fromm xr 0 to x L
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gives, after re-arraniging terms

ijor(O) =GL2 /2 - N~ fydx (4.4)

becauise tx(L) = (I at the electrodes in Newtonian flow.

It is clear from Itle expression of f, in Eq.(2.4, that a calculation of th lilt iegral
inl Eq.(4 .4) would require a kn~owledIge Of the fUiLCtioiS 7-(J-) anld 0( £') 110Iig t11C
chains. Instead, a reasonable estimate is cohtaiiiedl as follows. By the nieani value
theoremn of calculus, the integral can he written as (f.) L, where (f,,) denot-es an
appropriate average value within the integratiou interval. sincv 1(0) 0, we take
(fvý to be f5,(L)/2. In the section describing chain deforniax ioni, it was noted that att
eVen1 Moderate flow rates the chains 'areak at their ends. Aliding along the, electrodes.
According to Eql.(2.4), this mecans that thyv chain slope angle at x = L is, given b~y
c0' 2 0 =.3/5, Furthermore. Computer sinai'lations- of chlainl (kt,)rilnnioul shlow thec
particle spacing to be mninimnal at. the chainl ends, so tlhat. qt ' is approximately
equal to the average particle diameter D. Theni by Eq.:2.4), fy(L) =-3.81)2/D 4

where the minus sign conmes from the fact that 0(L) is niegative. Since the dipole
interaction energy is given by U = p)2(1 -3cos 6 )/r , it foltows tlia fy,(I) = 181/D.

As described in the preceding section onl falling balls, we ýake U -.- a' E" whlnre
a is the( p~article radius, K =2(,,/7r, and] E1 is the particle delectric conistant.. Then
f,( L) =0.4(E1D'E 2 and so the valuec of the integral bi' Eq.( 4 4) is estiniioted to 1mxve
the value 0.2r,,LD 2 E2ý.

A final point is that N, the tiunber of chiai ns per linn t nl-v pe: l p tei dic iixl lar to thle
Hlow, can he written in termns of the volume fraction (- of parti-les ats Gc - co ))/7rD2

where Co re pres'ents part ides not conutained inl comp1lete cliainls Withl this x ixll then

pixcexedilg expression, E.(4 0.4) becomes

71ov(0) =GL-2/2 - O4L(e -~), (4.3)

which, it should be not~ed, is indlependent of p~article size.

The next %step depends oni whether We are considering a valve operating at
vonstanrt pressure difFerexxx~i.jn Or Constant flow rate. The terin i)(0) represenits the
flow VlOCit~y lidIwIy b~etweenl electrodes and~ is proportional to thu.' flow roeQ. For
constanlt pressure differential G, Eq.(4 .5) gives

Q t = '- 0.8(c - e-o)pE'E2 /GL (4.tju

where Qxu is the flow rate at zero field. For constant. flow riae we have the alternate
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expression

GIGo = I + 0.8(c - co)(pE 2 /GoL (4.7)

where G is the pressure differential at zero field.

The relations (13) and (14) arc in qualitative and quantitative agreement with
exl)eriments. For the case of constant pressure differential, we studied the flow of
an 8% volume fraction of silica gel particles in vacuum pump oil through a simple
horizontal ER valve of square cross section 6 x 6 mm2 with a length of 3.5 cm.
Pressure at the valve entrance was supplied by gravity feed over a constant height
of 23.6 cm (the specific gravity of the ER fluid is close to unity). The valve exit
wam essentially at ambient air pressure, and flow rates were determined from the
quantity of fluid collected over a ten second time interval. As illustrated in Fig.4,
the data show the linearity predicted by Eq.'4.6) and the agreement between the
experimental and calculated values of the slope is within 20%.

C- 0.73

a10

E2 (kV/cm) 2

Fig.I. Flow raLc as a functioti of the squave of electric field in a simple ER valvc.

For the case of constant flow rate, we used published data for a "conunercial"
grade ER fluid flowing axially in a valve of cylindrical geometry."1 Since the gap
between the cylindrical electrodes was veLy mudc .MLmAler thani the mean circum-
ference, the metric in the gap is quite close to Cartesian and Eq.(4.7) can be used
Again the data show the required linearity in E 2 with a slope that ;s within 10% of
the calculated value.

5. Summary

A series of studies, ranging from the deformation of a single chain under flow to
the properties of an clectrorheological device emi:loying a "commercial" ER fluid,
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have. shown that the induced dipole model can give a fairly accurate desc.-iption of
observed charac~teristicq It is important to point out that in all practical situations
where thick EP. chains arc formed conw.ýAing of various particle sizes mid shapes,
each chain can probably by approximated as a continuous solid, and in the' '-se
the ,ro-called problem of calculating the local field is tri-:ially simple. Certain% L'he
:ontitnuo)us solid supposition appears to give reasonably correct numerical values in
the situations considered here. T!bis and other analytic approaches described in the
presenit report will be subject t<-- continued test by further studies.

Acki.owledgemew7,

This work .vOs supported by tho.: U.S Officex of Navatl Researchi ueler grant No.
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INFLUENCE OF PARTICLE SIZE ON THE DYNAMIC
STRENGTH OF ELECTRORHEOLOGICAL FLUIDS

Yung-Hui Shih and Hans Conrad
Materials Science and Engineering Department

North Carolina State University
Raleigh, NC 27695-7517

ABSTRACT

The electrical properties, rheology and structure of model ER fluids consisting
of glass beads in silicone oil were investigated as a function of electric field E
(0-4 kV/mm), particle size D (6-100 gIm) and shear rate ' (2-1000 s-1)_ The
conductivity of the suspensions was 3 orders of magnitude grcater than that of
the host oil at E 5 1 kV/mm, their low-voltage d.c. permittivity was about 1.35
times larger. The flow stress of the the suspensions was given by

T =TrE +'Tv. = A (y., D) E + (C, i- C21/D)•'

where "tp is the polarization component and js the viscous cemponent. The
linear dependence of cE on E was attributed to dipole saturation. The observed
opposing effects of D and y on tE were concluded to result from their respective
influence on the strength of the columnar structure normally produced by the
electric field and its fragmenatioir during shear. The constant C1 was in
agreement with the Einstein -quation for the effect of volume fraction of
particles on the viscosity of suspensions. The parameter C 2/D was concluded
to reflect either the effect of partgcle surface area on viscosity or a
polydispersion effect. The present results did not correlate with the Mason
number as normally formulated, but did when it was appropriately modified.

1. Introduction

It is now generally accepted that the shear resistance of an ER-active
fluid reflects the combined action of polarization and viscous forces, giving
for the flow stress

-=TE+ -Q. (1)

where t• is the polarization contribution, .r the viscosity of the suspension
at zero &lectric field and : the shear strain' rate. Eq. I has the form for
plastic flow of a Bingham material, which leads to a description of the
relative viscosity ,"laT/is of an ER-active fluid in terms of the Mason
number]



Viscous force Y 9 Y
Mn = polarization force 2 2 (2)

.l~a = l is the apparent viscosity of the ER fluid with application of electric
field, Fo the permittivity of free space, Kf the relative permittivity of the
host liquid, =(K-Kf)/ (K +2Kf) the dielectric mismatch parameter, K
the relative pcrrfittivity &f the particle ant! E the electric fieldT
Formulation oa the Mason number by the extreme right side of Eq. 2 is
based on specific models regarding the polarization and viscous forces,
which models have not been universally validated.

It follows from Eq. I that at low shear rates the polarization force
dominates, whereas at high rates the viscous force becomes dominant. The
low strain rate regime has been termed quasi-static and the high rate
regime dynamic2. In general, the flow stress decreases with increase in ,
in the quasi-static regime and increases in the dynamic regime; see for
example Fig. 6 in Ref. 2. For hydrated zeolite particles in mineral .pil the
change from quasi-static to dynamic behavior occurred at y = 10 S-1 4.

An identifying characteristic of ER suspensions under static
conditions is that up on application of an electric field the parti le~s align
into a chain-like or fibril structure along the direction of the field -. Th•s
suggests that the magnitude of cE. in the quasi-static regime represents the
force to rupture the chains and that the shear process consists of the
continued rupturing and reforming of the chains somewhat as shown in
Fig, Ia. The observed decrease in " with Y' in this regime can then be
explained by less time being availabfe for reforming strong chains once
they are broken. Particle size effects generally ca2cTel, out in theoretical
treatments Of "E in the quasi-static strain rate regime

With increase in shear rate into the dynamic regime, the chain or
fibril structure becomes disorga~ipzed and the suspension takes on a
structure similar to that in Fig. lb ' 0 . It now consists of densely-packed,

(a) (b)

Fig. I Schematic of the typical structure of an ER fluid andergoing shear: (a) low
shear rate and (b) high shear rate.
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solid-like regions next to the electrodes separated by a more Plute, hquid-
like regiop located either in the center of the electrode gap* or near ono
electrodeO. The observed increase in c with y in the dynamic regime
represents contributions from viscous flow of mhe liquid region and
includes electrostatic and mechanical interactions between nartic s in this
region and at the interface between the liquid like and solid-like rejions.
As in the case of the quasi-static regime, theoretical treatment of UI Vauid
strength in the dynamic regime does not in general include a size effect".

Most theoretical considerations of the strength of ER fluids have
dealt with the quasi-static regime, considerably less actention having been
given to the more complexTbehavior in the dy namnic regime. To better
understand the mechanisms operative in the dynanfic regime additionai
electrical, rheological and microstructural information pertaining to this
regime is needed. The objective of the present iesearch was theretore to
provide such information, giving attention to a possible effect of particle
size, Hence, electrical rheological and microstructure studies were
performed on model ER hluids consisting of several sizes of glass beads in
silicone oil, Glass beads were chosen for the particles because: (a) they
are spherical,,(b) FR fluids containing them can be observed by optical
microscopy * and (c) some pertinent basic properties and infobrntU!on
their ER response in silicone oil have been obtained in prior studies-, ).

2. Experimental Procedure

2.1 ER Fluids

The host oil employed for our model ER fluids was Dow Corning
200 with specific gravity T.97, relative permittivity 2.6 and viscosity 0.05
Pa-s at 25'C. The particles were soda-lime glass beads (specific gravity
2.5) provided by Potter Industries with the cornposition given in Refs.5
and 9. Three sizes of glass beads were employed, having the linear
intercept size distributions shown in Fig. 2. The mean sizes are 6 gtm (with
standard deviation a = 2.5 g.m), 27 inm (a = 7.7 lim) and 100 gim (u = 24
j.m). The size distributions for the 27 jAim and 100 jinm beads are
approximately Gaussian; that for the 6 ltm beads is more nearly log-
normal. The volume fraction . of glass beads used to prepare the ER
fluids was kept constant at 0.20 for all rheology measurements. Because of
the difficulty in resolving the structure at this concentration of particles,
the ER fluid ,vas diluted by a factor of ten for the microscopy observations
during shearing.

Prior to mixing the glass beads in the silicone oil, the beads were
dried for 3 hr at 200 C an the silicone oil for 2 hr at 150'C, Following
mixing, the ER fluids were sealed tightly in a glass jar and held there until
tested, which generallyoccurred within two days. Shear stresses obtained 2
days after mixing were the same as those within the first hour.

Oro
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Fig. 2 Linear intercept size distributions of the glass beads with the following mean
sizes: (a) 100 p.m. (b) 27 ptm and (c) 6 -tnm.
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2.2 Rheology

Employing Phiysica Couette-type rheometer, the rheological
measurements consisted of determining shear stress - vs shear strain Y
curves at a constant shear rate as a functjon of shear rate (, = 2-1000 s-I),
electric field (E = 0-4 kVlmm) and particle size (D = 6-100 .in). The
temperature was maintained constant at 25 ± 0.2°C by a thermal bath. The
diameter of the bob employed in the rheometer was 27 mm and the
electrode gap I mrn.

The procedure employed in the rheology tests consisted of the
following. -he ER suspension is first vigorously stinred prior to pouring
into the rheometer cup. Once the cup is fi!ed to the desired level, an
electric field of 1-2 kV/mm is immediately appled to prevent settlin~g of
the glass beads. The field is then adjusted to the desired strength and the
ER fluid is sheared at a constant shear rate.

2..- Eiectrical Properties

The relative permittivity and conductivity of the host silicone oil and
of the suspensions were determined. The permittivity -"as obtained from
capacitance measurements with a CIE 77ý05 capac;aance meter in the
manner described in Ref. 11. "lThe meter emplo,- a small (IV) d.c. voltage
for the measurement; so particle chaining does not occur. The relative
permittivity of the suspension K was first detetinined at zero field
immediately after the ER fluid hadbeen stirred and poured into the cup.
Ks was next determined by shearing the suspension with an applied electric
fie~ld in the range of 1-4 kV/mm and then stopping the machinei turning
off the field and measuring the cpacitance. The' same procedvre was
employed to determine the relative permittivity ol die siliconc oi; Kf. The
conductivities a1f and a3 of the oil and the suspensions respectively were
determined from measurements of the current density j during shearing as
a function of the electric field E using the relation a .= ./E.

2.4 Structure

"The structure of a given Ek fluid during shearing was viewed and
recorded with a video camera using the device descripbed in Ref 4. As
mentioned above, for these observations the original ER fluids were diluted
with silicone oil to 0 - 0.02. Befce the ER fluids were poured into the
observation chamber, an electric field was first applied to avoid settling of
the beads. Shear rates larger than 10 s-1 were found to be too fast to
resolve the structure. Moreover, no clear difference in the structure
occurred for electric fhelds- greater than 1 kV/mm. Hence, a field strength
of I kV/mm and a shear rate of - 5 s-1 were chosen as the experimental
conditions for observing the structure during shearing at 25'C.
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3. Results

3.1 Electrical Properties

The relative permittivity of the silicone oil K was determined to be
2.6 independent of electric feld, in accord with he valuz given by the
supplier and measured earlier by Conrad et allt. Fig. 3 presents the
relative permittivity of the suspension Ks vs prior electric field for the
three particle sizes. It J:: seen that K. initially increases slightly with
electric field to - I kV/lnm anq then changes only little, if at all, in accord
with previous observations that the static fibril structure renrains
relatively cons-ant for E - I kVlmrr.. Although Ks is independent of
particle size at zero field, it increases slightly with particle size with
application of the field.

4.0 -........-

D (pin)

3.8 0 1 1O()
27

Zf 3.0

3.4

3.2 " . . . '
0 1 2 3 4 5

Fig. 3 Relative permittivity of the ER fluids K d-c. vs prior electric field I- for the
three particle sic.q.

The conductivity of the silicone oil of was - 10-13 S cm- 1 for the
range of electric fields employed here. Plots of the current density j and of
the conductivity of the suspensions os vs the electric field are given in Figs.
4a and 4b re.pectively. Evident is Dhat j, and -. , increase with elecgicfield, independent of particle size. Moreover, as is about 3 orders of
magnitude'larger than of, indicating that the conductivity of the particles

iY is considerably greater than that of the host fluid at high electric fields,
i.e. ap >>af at E > I kVimm.
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Fig. 4 Effect of electric field on: (a) current density and (h) conductivity of the
suspensions containing three sizes of glass be-ads in silicone oil.

3.2 Rheology
Typical shear stress T vs shear strain , behavior as a function of

shear rate y is shown in the semilog plot of Fig. 5. At each strain rate the
:liear stress increased rapidly with strain to , = 1.0 and then remained
relatively constant with further increase in strain. This gave a so-called
steady-state or plateau stress T, which varied with shear rate y, electric field
L and particle size D. The effects of j', E and D on z (taken as the flow
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Fig. 5 Shear strss t vs log shear strain Y at E = 2 kV/mm for various shear rates •' for
the ER fluid with 27 tan particles.

stress aty = 5) were considered in terms of their effect on each of the two
components of the flow stress given by

x E +"via 3

where cis = -t at E = 0 and tE includes all of the effects of the electric
field on te, flow stress. Eq. 3 is equivalent to Eq. 1 with Tvis = s.

Fi. 6 presents a plot of -cvis vs ' for the host silicone oil and for the
ER flui• with differing particle size. In every case ;vi4 is proportional to
y, the proportionality constant (slope) giving the viscosity of the oil _If or
of the suspension Yls. Support for the validity of this method for
determining the viscosity is the agreement in the value for silicone oil
determined- from the slope in Fig. 6 (0.05 Pa-s) with that provided by the
supplier and measured by more conventional methods.

To be noted in Fig. 6 is that the slope for the suspensions decreases
with increase in particle size. This is further revealed in Fig. 7, which
gives a plot of Tls for the suspensions vs the particle size D. Also shown
or comparison is ilf for the host silicone oil. The curve through the

suspension data is given by

T11 = CI + C2 /ID (4)

where C1 0.076 Pa-s and C2 = 1.5 x 10- 7 N-s/m.
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Fig. 6 Flow stress at E = 0 (= T"C) vs shear rate for silicone oil and for the three
particle sizes.
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Fig. 7 Viscosity of the suspensions I, vs particle size D for E 0. included for

comparison is the viscosity of the silicone oil.



303

The effect of electric field on the flow stress as a function of par'ticlc
size is illustrated in Figs. 8 and 9. Fig. 8 shows behavior typical of that at
' = 2 to 10 s-I, whereas Fig. 9 shows typical behavior at y > 100 s 1. In

general, the flow stress increased in a linear fashion with the electric field,
giving

St =A (1, D) E +x T(5)

where A (y, D) = d& pdE decreased with shear rate, but increased with
particle size; see Fig. TO. To be noted from Fig. 10 is that the influence of
particle size on dtS UdE is relatively independent of shear rate in the range .
= 2 to 200 s-4 and then decreases as the shear rate increases, with d-tp/dL
becoming independent of particle size at-y= 1000 s-i, Moreover, drtE/dI,
approaches zero at , > 1000 s- 1, i.e. theER effect essentially vanishes at
the highest shear rates.

Upon considering the shear rate regime ('j = 2 to 200 s- 1 ) where the
effect of the electric field is essentially independent of shear rate (i.e. d't|,
dE =. const), we find that (Fig. 11)

dL / dE =A'D (6)

where A' is a constant independent of and D. Integration of Eq. 6 gives
for the lower shear rate regime

80

ý= 2 s-1

60 D=27Wn

.- 40

20

0

0 1 2 3 4 5
E (kV/im)

Fig. 8 Flow stress vs electric field at "' = 2 s-1 for the three particle sizes.
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tF=AD E (7)

For j' > 200 s-1, the effect of particle size on the polarization component tF
is less than that given by Eq. 7, becoming essentially nil at 1000 s-1 as TE
approaches zero.

"ý = 500 s-I
l0• 0 D-100um

* D=27um

80

.60 (a)

40

20

0 1 2 3 4 5

E (ky/mn)

S(b)

40 M D-100wn
* Dl27wn
o D-6w'n

01'
0 1 2 3 4 5

E (kV/mm)

Fig. 9 Flow stress vs electric field for the three parti~lc sizz:s at the shear rates: (a) j' =
500 s-1 and (b) 1= 1000 s-1 .
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Fig. I I Log-log plot of duf..JdE vs particle size D for the shear rate regine j' 2 to 200

3.3 Structure

Photos taken from the video screen of the taped ER fluids
undergoing shear are presented in Figs. 12a and 13a. These are not
sufficiently clear to reveal the detailed structure, vhich by careful
examination of many frames of the video tape was ascertaiijed to be that
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shown schematically in Figs. 12b and 13b. The structure for the ER fluid
with 6 p.m dia. glass beads (Fig. 12) consisted of closely-packed, solid-like
regions in contact with the electrodes separated by a dilute region in the
center of the gap, where most of the shearing occurred. In the case of the
100 p.m glass ads Fig. 13), columns of beads protruded from the close-
packed region into te central region. These columns were continually
fragmented and reformed during shearing with segments being carried
away in the stream. The structure for the 17 ptm beads was intermediate
between that for the 6 ptm and 100 pgm particles, with less-developed
protrusions compared to the 100 p.m particles.

! (a)

0 0 0 0
0 0 0000000 0 MO0 0 0 00

Fig. 12 Structure observed during shearing of the model ER fluid with 6 pm glass
beads and E = I kV/mm: (a) photo from video tape and (b) schematic of the
structure.
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Fig. 13 Structure observed during shearing of the model ER fluid with 1(X) pin glass
beads and E I kVlmm: (a) photo from video tape and (b) schcmnatic of the

tV4ACLUIC.

4. Discussion

4.] Electrical Properties
For the case where the conductivity 4m the particle is considerably

greater than that of the host oil (as is the cas'. for the present ER fluids atE
> I ky/mm), the Maxwell-Wagner equation for the pern-fttivity of a two-
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phase, random mixture in terms of lbe dielebtric cons'tants and
conductivities of the constituents reduces tol?

KI (1+24))
(1- 

(8)
!Kf' (1-0)

where KS is the low frequency (static) permittivity of the mixture, thevolume Traction of the particles and Kf' the real component of thedielectric constant of the host phase. The permittivities of suspensions of
zeolite particles in various oils and of qqm starch particles in corn oil were
found to be in good accord with Eq. 8.1% The present measurements giveKsd.c. / Kfd.c. = 1.35 for the ER fluids with randomly arranged particles,and since 4 = 0.2 we obtain (1+20) / (1-0) = 1.75 for the concentration
factor. The lack of agreement between these two quantities could Jge due toone or both of the following: (a) Ksd.-c is not exactly equal to K. , and (b)ois not considerably larger than of at the low electric fields (2 I V/mm)eenployed to measure the pernui'ttivity K'd.c.. The latter seems the more
likely explanation, since good agreement with Eq. 8 was obtained for
suspensions of zeolite and corn starch particles in various oils with op >>
aO- and taking Ksd.C. = KS M.

Important in theoretical considerations of the strength of ER fluidswith conducting particles is the permittivity mismatch parameter

S(Iý - K* / (t• + 2:K•f) (9)

where K* is the complex permittivity given by

K* = K' -iK" = K' -ia/rax (10)

K' is the real part of the permittivity, K" the imaginary part, (Y the
conductivity, Co the frequency of the electric field and E, the dielectricconstant of free space. For ap >> of, Eq. 9 becomes

0} = (ap - ad / (ap + 2af) = I U11)

For the present ER fluids we expect that a»p >> of at E Ž - I kV/mmn and
therefore that 3 1.

4.2 Rheology and Structure

In keeping with .eneral behavior of ER fluids, the flow stress r ofthe present glass beadsfsilicone oil suspensions can be considered to consistof die sum of two component, namely a polarization component "E and aviscous component "is The effects of electric field E, shear rate y and
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hart cle size D on these components gives the following express~on for the
"r.wv stress

=A (, D) E + (C1 + C2 / D)y (12)

where the first term on the RHS of Eq. 12 is tE and the second Tvis. The
viscous component exhibited Newtonian viscosity with the viscosity
coefficient 7s = (C1 + C2 / D) increasing with decrease in particle size.
The polarization component 'tp. is proportional to E, but in contrast to T vis
decreased with increase in shear rate and with decrease in particle size.
These opposing effects of y and D on the two flow stress components can
lead to the complex behavior shown in Fig. 9, where at low fields the flow
stress increases with reduction in particle size, whereas at high fields it
either decreases or is relatively independent of particle size. Moreover,
because of the decrease in "tE with increased j, the flow stress at high shear
rates may be only liHtle affected by E, as in Fig. 9b.

Let us now consider the effect of particle size on zvis, We note that
the expression for the effect of D on rs contains two parts, C1 which is
independent of D, and (C2 / D) which various inversely with D. We will
assume that C I represents the component of the viscosity "1so which is given
by the Einstein equation for the effect of concentration on the viscosity of
suspensions

0 C

- -Ii= 1 + 2.5 (13)
Tif 'if

We then obtain for the present fluids C 1Irlf = 1.52 and (1 + 2.5 {) o 1.50.
This agreement suggests tlaat C 1 represents the contribution o.' the
concentration of thc. second phase to the viscosity.

The additional contribution to the viscosity of the suspensions g; ven
by (C 2 /D) is in accord with an enhanced resistance to flow due to an
increase in thu total surface area A. of the particles in the suspension,
which is given oy

A.-64=/D (14)

If we assume that

C/D a A. = a 60/D (15)

where a is a pron rtionality constant, we obtain a = 1.25 x 10-7 N-s/rn
and C 2 = 7.5 x lW-? N-s/m for the present suspensions. The significance
of these vtdlues needs further study. An alternate explanation for the effect
of pairticle size may be that the size distributon of the particles is
sufficiently wide to lead to a polydispersion effect".
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We will jhW consider the effects E D and " on :C E. Theoretical
considerations','-" indicate that rE shoufd be proportional to E2 and
independent of D. The E2 behavior results from the fact that the dipole
moment p induced on the particles is proportional to E and that the force
between the particles is given by the product pE. A proportionality
bctween the force and E rather than E- would be obtained if p were a
constant, i.e. if saturation of the dipole moment on the particles occurred at
small v•!i,:•s of E. That saturation probably does occur for the present.
dehydrated glass beads is indicated by the results shown in Fig. 14, which

40 . •S~D'1561-tm i

30

Rli=80%v--U

• 20

20

RH=60%

0

0 1 2 3 4 5

E (kV/mm)

Fig. 14 Induced dipole moment vs electric field for 156 pin glass; beads exposed to air
environments with 60% and 80% relative humidity. From Conrad and Chen
1121.

gives a plot of the dipole moment on 156 mr 2glass beads after exposure to
environments of 6G% and 80% humidity . The dipole moment was
determined from the interaction force between the glass beads in silicone
oil using the apparatus described in Ref. 9. It is seen from Fig. 14 that at a
relative humidity RH of 60% saturation of the dipole moment already
occurs at low fields. Since the present beads were dehydrated by heating at
200'C prior to mixing with the silicone oil, it is expected that their water
content will be less than that for beads exposed to 60% RH and in turn
dipole saturation would occur at low fields. This would give tE
proportional to E and not E2.

Some insight into the effects of D and ' on -CE can be obtained from
the observations on the structure of the suspensions during shearing shown
in Figs. 12 and 13. Theoretical considerations indicate that for a fixed
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distance of separation the force of interaction between particles is
pro'portional to D2. Hence, the resistance of a chain or column of particles
to iragmentation during shearing should increase with particle size, as was
observed. In turn this would lead to the observed higher resistance to
shear, i.e. to an increase in "tF On the basis of-this model, the
proportionality between rt and D at F at 200 s- may be attributed to the
degree of -esistance of t-he colu.nns to fragmentation with increase in
particle size due to the increased force of interaction between the boads.
However, this increased resistance will diminish with increased shear rate,
as even the stronger columns become fragmented at the higher shear rates.

Finally, as a result of the observed anomalous effects of E and D on
the flow stress, the present data do not correlate with the Mason number as
formulated in Eq. 2; see Fig. 15a. However, as seen in Fig. 15b good
correlation is obtained by plotting Ila/rls vs the experimental values for the
ratio vis/dtE (=. Mn'). his agreement of course simply reflects that the
flow stress is given by Eq. 3. -f we fiist divide Eq. 3 by y and then by ris
we obtain

(T* )/T'-) q = (-CE / 'Rl) + 1(16)

or
1l1/ n'. = (T E / 1:vig) + 1 (16a)

Hence, a log-log plot of qa/sl vsr vis/fE should have a slope of -l at the
lower shear rates and approach a vQaue of unity at the high rates.

5. Summary

1. The eletrical properties, rheology and structure of model ER fluids
consisting of glass beads in silicone oil were investigated at 25°C as a
function of electric field E (0-4 kV/mm), particle size D (6-100
mm) and shear rate ', (2-1000 s-1) in Couette flow.

2. At E > I kV/mm the conductivity of the suspensions as was 3 orders
of magnitude greater than that of the host silicone oil. The
low-voltage, d.c. permittivity KsO.C. of the suspensions was about
1.35 times that of the host oil. ca, and Ks.UC. were relatively
independent of particle size, with Ksa.c. for a chain structure being -
14% higher than for the random mixture.

3. The flow stress of the suspensions was given by

",r =t + -vvs = A(y; D) E + (C1 + C2 / D)y

where TE is the polarization component and "tvis the viscous
component. The parameter A decreased with shear rate y, but
increased with particle size D. For < < 200 s-1 , A was proportional
to D 1/2.
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Fig. 15 Corelation of present results: (a) according to Mason number as formulated by
Eq. 2 in text and (b) according to experimental values of the ratio "/T E.
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4. The dependence of "cE on E rather than E2 is attributed to a
saturation of the dipole moment on the glass beads, The effects of D
and y on tp. are attributed to their influence on the strength and
degree of tragmentation of the columnar arrangement of the
particles nonnally produced by the electric field.

5. The constant C1 in the equation for T"i is in accord with the
Einstein equation for the effect of volume fraction of particles on the
viscosity of suspensions. The parameter C2/D is in accord with an
effect of surface area of the particles on the viscosicy or may reflect
a polydispersion effect.

6. The present results did not correlate with the Mason number as
normally formulated, but did when it was appropriately modified.
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Static Rheological Propert~us of Elect rorlseologic ai Fluids

G. L. Gulley and R. Tao
Department of Physics, Southern Illinois University, Carbondale, IL G2901

A BSTR~A CT

We have calculated the static shear stress of sit induced elect rorhecological (lilt)
nolidl for a siiigle-chaiit structure, dIotble-cliaiti structurc, triplu-chain structure, and
body-centpred tetragonal (b~ct) lattice. When the shear strain is small, all of th~esc
four structures prefe~r slanted configtiratious which will come back to the original
configurations if tile load is reitoved. A.; the sliear strain exceeds a yield point,
the structures break into plarts whiihl callnot return to thle -rigifial configurstimits
ini a short timie. lThe bet lattice ist fountd to) have the strongest shear modultis. 'I11w
triple-chitizi structure is weaker titai the lIci huttiCe, but 11ttich stroniger thtan the
single- clain~ structure alid dlotibitie- cliin -trutc ture. The 4ijiuglt-c haiti stclict ire lit
the l'eierls-Luuudau instability if the chain is very long. A double chain is strconger
than a single clialit if lt ow ltaIilus art qluitti Itutg Uutit the siU11i 0i ot is rf-e rsvt i if the
clisuims are! Shor t.

1 hitroduction

Ani clectrorhecological fluid conisists of ai sutspensioni of dielectric lparticlems inlI
liquid of low dielectric constant 1-7. WhenI thlis Silsl)eii1sioii is eX)o.sed to anL elect~
field, its viscosity increa-ses clraiiliatically. As the electr-ic fit'ld VXCeedzt; It critical
Valuc, thle susp~ension forms it solid whose sh~ear modululs inicreases as the field is
furthesr streng titencd. This phaisec trittsi to im is coi tipleted iitltl abot one m1'illisecond

attit is reversible by reducing the electrical field below the. critical field.

Thel( uziders tancliii of thec physical mie-chaniismis of thjis phieniome na is very im )or-
taut, since a wide variety of application. have been suggested for ERi fluids. Some of

hile.,( applications include suspension systems, valves, brakes, and clutches'. These
aloneV will have a tremnendous impact; iln thle automobile and aerosp~ace industries.

Inl this p~aper, we will discuss tile stattic shiar stress of the induced ER solid.
The itillorta itCe of sheatr stres sdn rmtle bv ll1) aboi.I e I Iserntes,
it haes bencz found that. uponci application of :in elecltic field, the dielectric particles ini
L11 i-luicls first form chains between two electrodes. Chains then aggregate' to form
thick columns' . Recent theoretical calculations and expterimecnts have' also ohIowni
that the ideal structure of the thick columnus is a body-centered tutragonal (but-L
lattice'-5. Since the static shear stress depends oii the structure of' the inducvet
ER solid, we will calculate the shear stress for single chains, double Chaiins, triple
clhainis, and thich colunums otf the bc t lattice.

Amongv the above four s5tructures, which one is the strongest? This is ant iiioiso-
taut issue to clarify. Somue previous work claims that the douible clozinis are weaker
than the single chainls anid thle structure consisting of single chauins, iaxinozcs- the
shecar stress8. Thtis conclusion scenms to contradict cxpuriiiieiitid results511" ittd the
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w.ell-kno,,i 'Peierls-Landau instabl~ity of ai one-dinicnsiotiol solid which implies a
long single-chainl is at Weak structure3 't t .

To re(solVe thle abiove controversy, ýNo havc carried out the calcullations Which
eventually show that the thick-column structure is much stronger than the single-
chain structure. The triple-chain structure is stronger than thle single-chain and
double-chiaini structures and the bet lattice is even stronger than thle tri'ile-chaiti
structure. The comiparisoni hetween a singlc chain and a double chain depends oin
the chain length L. If the chains are long, the double chain is stronger than the
single chain. Otherwise, the situation is reversed. These theoretical results are
consistent with recent experimental rucziureineunt 9 ' .

Our catlculation also findis thait wheni the shear strain is small, all of these fomr

structures p~refer slanted configuirat ions which will comie back to the original con-
figurations if the( load is removed. As the shear strain exceeds a yield point., thlt
structures break into parts which cauuiot return to the original configurations inl a
short timne. We have f')untd thlat the single-chiaini structure has its sl iear moduluii s-
tewildinig to 7ero as the claina lenigth L goes itifini te, a conclusioin consistet it wit.ii
the Pceiris-Laudau instability. The other thickeo' structures seem to be stilhleý since
their sh ear mo duli (to not extraplolate toi zero itas L goes infinite. TI e yield p ointi
aiid Structure-breaking inl the (deformiation of anl ER solid have been observed ini
exhicrimenets n, The response force and yteld point derived [romt our cadculittioo
seemn to agree with theso experimntcis reaisoniably well.

"Thle presenit paper is organized as follows. Inl section 2, wewill dliscoss the
dijiOlatr ilieraUCtioji. SectonD 3 is devoted to thle calculation of shevar Stress 101(1 shilo(;
imodulu s. The results atnd discussions are ii iN setioni 4 wh ere wve will also ci ii i lre
our theoretical result,, with expcriiteiits.

2 Dipolar Interaction

We com sider ;,i iodel of ER fhuids consi stinig of Sphieri cal part ic ls of dielectric
conlstant lt (p si slietde(1 inl at fluid of dielevo ic eonlstanit. (f, cl, > (-. Th'I~is comou i t ti, is
sot ijec ted tic an electri'ic field iti'idle at parallel p)late capacitor whose two elect, i des
arie lii oes at. z =I 0 id -- L respiec tively. Wteii th flie idd is exp o sed tic ui electri c
fieldc, tIhe particles (level op a dipole tunillenit J) ill the( dir~c ticn oif th e electric. Iich'i .

Hecre j)=it cf a- Ei. where a is the radius of the particlus, a = (( -- (-.f)/(c; + 2(-f),

and~ Emj, is tine local electric field.

Tom calculate the' etnergy of this systemt of particles, we 'onisider t ie di to le- dip ink'
itit eac t jois. TIwoi di Iii ds at m'" 01(1 ?'i have att em tergy of

it(iS, ) = V( I - 3 cos 
2 O)/t(2.1)

where I., 1p ,i + p (Z. -z)2 1 t/,', ) = Psi = [(x', - xj3 4-± (y, / 2
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O•, is the angle between their joint line and the direction of the applied field, and

A dipole at (x,yz) in a capacitor produces images at (x,y,-z) and (x, y, 2Lj ± z)
for j ± ±1, 12 .... The interaction between a dipole and its own image is u(F,,)/2.
The interaction between a dipole and a different dipole's images is u(F). All of
these interactions must be summed to get the total energy of the interaction.

We introduce a function,

f(p, z) = Z[(2nL - z) 2 + p2 ]-3 2 . (2.2)

Because of the periodicity, f(p, z) f (1, z + 2L), we can expand f into the form
f(p, z) = EM, f (.)c-iswz•L with

2L

fM(P) = I dzelS'xiL f(P, z)/(2L) = 7rsKj(sirp/L)/(L'p) (2.3)
0

where K1 (p) is a modified Bessel function. Eq.(2.2) now reads as

f(p, z) = 1/(Lp2) + E 27rsKl(s.rp/L)cos(,s7rz/L)/(L"p). (2.4)
S=1

A dipole at iý, mid -all its images interact with a dipole at r, via

u) = -v,(2 A- pO/Op,)[J'(p, z, - z.) + f(p, z, + zj. (2.5)

The formula d(xI (x))/dx = -xCKo(x) enables us to write u,, in Eq(2.5) as

00

nl, (p,j, Z,, Z.) = ,/ E(4s2 xr2/L 3 )Ko(srp,,/L) cos(.srz,/L)cos(.qrz,/L). (2.6)

8=1

The interaction betwcen a dipole inside the capacitor at (x, y, z) with its infinite
number of images at (x, y, 2Lj ± z) (j = ±1, ±2...), is given by

u,(z) = -v((3)/(4L 3) -- vf(0, 2z) (2.7)

where the constant C(3) = ' /n 3 = 1.2020569.
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Applying Eqs.(2.6) and (2.7), we have tliv.- total dipolair energies for a structure.

U'(ý:) ui(Pj Z,,(2.81

3 Shear Stress and Shear Modulus

To apply a shear strain to the Efl system, we move thle electrode at z=L along,
thle x direction by a distance 6, while fixing tile electrode at z=0. The shear sitrainl
is then 61L. We assmue that there is no slipping between the( electrodes' andl Aw1
induced ER structure, The slippinit case hias been studied inl Reference 4.

For at single chain und,.i i iear strain we consider three configurations isil-
lustrated in Fig. 1(a), Fg jand Fig.l(c). The slanted chain has each particle
in the columin moved rilung the x direction proportionally. The broken chain has
the chain broken into two p~arts in thle miniddle with each part in the field direction
separatced by aui amnount 6. The slanted-brokeii chain is broken in the Imiddle Imot
each par't is t ill shlaned. Thle separation of its two resulting piart, 60, is les tan
the dleformlation 6 (Fig~l(c)). As we increase 60, the slanted-broken chain change.,
fromt tlie slanted chain to the broken chain.

Fig. 1. (it) Slanted single diain. (b) B3rokcii single chain. ( c) Slanted- broken SiliglC hL11

Whien thle particle positions in Eq.( 2.8) are for the slanted chain, slanted -broken
chaini, and b~rokens chain7, We obtain U,(6), U56k'6), and Ub(6) respectively. As shownl
in Fig.2, U,(6) < Ub(b) until 6 reaches a critical value 6, where the curves for U, mid
for Ub intersect. The slanted-broken chain has all energry interpolating between thec
slanted chain and thle broken chain. This implies that thle. slanted chain is prteferred
when tile shecar strain is less than 6,1L. However, when the slcear strain exceevds
6C/L, the broken Chain has thit loweSt energy and tlhe slanted-broken chinii has its
enecrgy higher than that of the broken chain and lower thanl that of thle slanrtod ehain.
Therefore, the competition is really between the slanted chain and thle brokeni chain,
When the shear strain is greater than 6,1L, the chain suddenly breaks into tWO parts
and the energy is giveri by Ubthereafter. There is no intermiediate state. For thIis
reason, U,6 is not pslotted in Fig.2.
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When 6 < 6c, the response force per chain is given by

T- = -u,(,) / o,. (3.1,,)

Whelici > 6, the response force per chain is given by

.= -aUb(6)/0. (3.1b)

Fig.3 shows the behavior of the response force of a 'i4ngle chiin N-.ns the" shear
strain 6/L. When 6 < 6c, the slanted chain gives a response force T, niln:ust lilicu"
with 6/L. When b > be, the Ireferred broken chinin produces a much sulialielt and
almost fiat response force. The unit of r in our calculation is p2/(jrd4) whwri
d - 2a, the particle diameter,

-142 1.2

u6()

.e -143 U

U I

-1451I 0.0 _ _ _ _
gOe.. M

OhiO 0.02 0.04 0.M OM0 0.10 .0.0 a= 0.04 oae onc 0.10)
S/L 6/ L

Fig.2. The (dipolar energies of the slanted Fig.3. The response force of a sn 1 !e.I

single chaiin and the brokeni single chain vs. chatin of 60 particles. vs. the shear strain.

the shear st~rain respectively. The sinigle chain Thie force unit is p2
/((e1 d).

has tGl particles. Th'le energy u nit is lip( /(0e d).

A single chaini has N = L/d particles. At a volume fi action O. for the structure
Consisting of single chains, thle niumber of cihains per uinit cross-arvia is 6(h/(7 (P)
The shear modulus of thle sinigle-chain structure at volume fraction ý) is Gc6S/( irdl)

•,lr, •Awe
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wherl S is the respolse coefficiI.nt, given by

S = rL/6. (3.2)

In Fig.4 we plot S versus shear strain 6/L up to 6,/L. When 6 > 6, it is clear from
Fig.3 that the broken chaiii has a much smaller S.

cr 14

611L

IFig ,l The responlse, coefficielit ,S" ,o[' single chain of 60 particles v8 the shear sLrain up to thu
Yield point. Tlhe mlllt of S is f(id)

0.0os .O .6 0.5.10 •

(•l C)

F'ig.5 (a") Slante.d do:uble chain. (hb) Brokecn dolibit chazlJin. (c) Sh.anted- broken lotible. C11:1l11.

)(I)

lig.6. (a) Triple-chain structure. (b) Slanted Tprite chain. (c) Broken double chain .
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The quantity bc/i is of special interest. When the shear strain is small, the
slanted chain represents a state which has a uniform deformation. The response
forc" is approximately proportional to the shear strain (Fig.3) and the response
coefficienit is almost a colstanlt (Fig.4). The single chain will recover its original
shape as soon as the shear stress is removed. When 6 becomes greater than 6,, the
chain suddenly breaks. The broken chain is the state in which there is structural
damage. We expect that as 6 > 6,, the chain cannot recover its initial single chain
configuration in a short time, Therefore, 6,/L is a yield point. The critical re:•iplise
coefficient of a single chain at 6,/L i. given by

S, = L/b,. (3.3)

where T, is the response force at the yield point. The critival shear modniliusi of the
single-chailn structure is G6S,/( rd 2 ). It is clear that the critical responsv cov,•ici•ii
pe( particle, S,/N, provides it measure of the structure strength. The bigger tlie
S,C/A, the stronger the structure.

-2

J--/f*RR' 304

o.00 0.04 o.00 0.12

lFig.7. ThI hCLttiCce tig.8 The dipolar cnCrJies of the saIiit
double chain and thie broken chaii vs tie
,lwaar strain o. serCsJ iclt'• Tlh," 41Wiible t Cllan
hlim 119 particles. The lnergy unit i; 1,/(,sj )

The sai.m1e calculations and analysis are carried for double chlin us, tripl 'e clill
ain dl iick (olullillis of the bet lattice. These structure-s ae formied IIy t, wo dilfeirne
types of chains. As showni ini Fig.0(a), a chain of chiss A has llitiches e'xtlenlding•



321

the full length of the capacitor. A chain of class B can be obtained by moving a
chain of class A in the z direction by a sphere radius. In addition, because of the
two electrodes, a chain of class A has L/d particles, while a chain of class B has
(L/d- 1) particles. A double chain has one A chain and one B chain closely packed.
Its three configurations under a shear strain, slanted double chain, broken double
chain, and slanted-broken double chain are shown in Figs.5(a)-5(c).

As shown in Pig.6(a), the triple cha.ins are formed from two A chains and one B
chain closely packed. The slanted triple chain and broken triple chain are plotted
in Fig.6(b) auid Fig.6(c). A thick column of the bct lattice is a three-dimensional
structure, shown in Fig.7. We denote its three conven•tional Bravais lat-cic vectors
as v3a(i+ 0), Aa(i - ), and 2ai (see Fig. 7). This structure can also be considered
as a compounid of A chains and B chains5 . There tre four A chains around one B
chp~n.
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I C2T

22

SI 18

r-'-r-T- -r-r_; -fI I :rT'--
MOO0.08 0.12 OM.0 O,4 0.05 0.12

S1L 51L

Fig.9. The response force of a double Fig.10. The response coefficient S of a
chain oi 119 particles vs. the shear strain, double chain of 119 particles vs. the shear

Thestrain up to the yield point. The uit of

Fig.8 gives the dipolar energies of the slanted dou'jle chains and broken double
chains of 119 particles (630 particles in the A chain and 50 in the B). Fig.9 shows
the response force T of this double chain. Fig.10 is its response coefficient S. At
vol.ume fraction q, the double-chain structure has 6U/[ird 2(2 - d/L)] double chains
per unit cross-section. Therefore, this double chain structure has shear modulus
6S/[I rd2 (2 - dlL)).
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Fig. 11. gives the dipolar energies of the slanted and broken triple chain of 59
particles (20 particles in the A chain and 19 in the B). Fig. 12 and 13 show the
response force and response coefficient of thsi triple chain.

The bct lattice used in our calculation has nine A chains and four B chains.
Since a bct lattice is a non-isotropic three-dimensional structure, we first compared
deformations in different directions. It turns out that the shear srrain in the x (or
y) direction has the lowest response force for this bet lattice. In Fig. 14, we plot
the dipolar energies of the slanted and broken bct lattice of 178 particles which has
9 A chains, 14 particles each, anid 4 B chains, 13 particles each. Fig.15 depicts the
response force r for the bct lattice. Fig.16 shows the response coefficient S of this
bct lattice. All deformations in Figs.14-16 are in the x directin.

-141

-143 Ub
1464

S-147

-• -148u

-Ibl 2
a aj•i,,ria,

00 0 .10 01 0.00 0 0.10 0.15

Fig. l1. The dipolar energies of the slanted Fig.12. The response force of a triple
triple chain and the b-oken chain vs. the chain of 59 particles vs. the shear strain. The
slicear strain respectively. The triple chain has force unit is p2/(cJd 4 ).
59 particles. The energy unit is p•/((/d3).

Simrilar to the single-chain case, there is a yield point 6./L for all of these
structures. When the shear strain is less 6,1L, the slanted structures are alwas
prefcrred. When the shear strain exceeds 6,/L, the structures break into two parts.
The slanted-broken structures always have an energy interpolating between the
slanted structures and the broken structures. Therefore, the t )rpetition is really
between the slanted structures and the broken structures. As seen in Figs.9, 12, ;, 1
15, similar to a single chain, when 6 > 6c, the preferred broken structures produce
a much smaller and almost flat response force. In Figs.10, 13, and 16, we plot the

,.-"
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response coefficient S of these thick structures up to their yield point. It is clear
from Figs.9, 12, and 15 that all of these structures have a much smaller S beyond
the yield point.

600 -390
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100 • -470

0.0 0 0.10o 0.15 0.0 0.1 0-2 0.3
J/L 51L;

Fig. 13. The response cuerrmciell S of a Fig. 14 The di polar energieisoft hc silanihdl
triple cihain of59 particle, vs. the shear strain bcL lattice anid thu brokeni bCt altioce vs. the
"Till, untL of S is p/l((f 1

4) shear strain respectively. The lct aaltilea hla
178 partidces. The i-ergy unit is 1((jd3)

As in Eq.(3.3), the critical response coefficient per particle, SC/N, of the double
chain, triple chain, and the bct lattice provides measurement of the strength of the
induced structures.

4 Results and Discussions

To understand the stability of the solid structures and make a counpari!son, we
plot the critical response coefficients per particle SC/N versus d/L in Fig. 17. As
stated earlier, the higher Se/N, the stronger the structure.

Fig.17 first shows that a single chain is stronger than a double chaiit when L/d
is small. This is consistent with the result reported in reference 8. However, as L/d
increauses (or as d/L decreases in Fig.17), the critical response coefficient of a double
chain decreases slower than that of a single chain. When L/d > 400, a double chain
becomes stronger than a single chain. Our numerical calculation also verifies this
conclusion.

In addition, as d/L -* 0, tihe critical response coefficient peI particle of iL sin-
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gle chain tends to zero. This is the Peierls-Landau instability of all infinite one-
dimensional solid. As seen from Fig. 17, the response coeificients per particle of i
double chain, triple chain, and bct lattice do not extrapolate to zero as d/1L -- ,
This implies that these thick structures are more stable than the single-chain strur-
ture, The single-chain structure may be stable only if the electrode spacing is not
too wide.

40. 7100.

35 I O0

30400
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Fig. 15. T he r 'slo)oisf force of a bct at. Fig. 16. T he" ro,•l,,sv ( ou , i, n, .t ' (,I I he
tiW, of 178 parlidles vs. the shear sAraim. The hct latii of" 7$ pnrtlcs vs t sh, ar sAramii
f,,rcr iniit is p1)/((1(d4) . up to the Yievld hiit. 'The unit S Is

As seen from Fig. 17, the triple chain is much stronger than the double chain.
When L = GOd, the critical resl)onse cotefficient per particle of a triphl chain is
twice as big as that of a double chain. The bet lattice is ewen strongcr than the
triple-chain structure.

Fig,13 and 16 also show that the response force of a triple chain andI a hct lattice
is not linear with a small deformation 6. These structures are close-tpacked and
have very limited room to move their particles in the initial part of tle th'forirnatioin
(Fig.7). In responding to the initial deformat~ion, they usually produce n quite large
modulus to resist the deformation. For example, a triple chain in Fig.6(a) has two
chains of class A and one chain of class B. During deforntation, the pos:tiots of the
second chain of class A is affected by the deformation of the middle chain of class
B. If b increases, the deformed structures are no longer close-packed, then there is
imtore room to arrange particles and the response force becomes almtost lintat with
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the defornation. Therefore, the response coefficient of a triple chain and a bct
lattice is very high for small 6, then it decreases with an increase of 6 and tends to
be stable as 6 further increases until 6, is reached.

Because the single-chain structure is not a close-packed structure (Fig.l), its
response force is almost linear to the deformation from the beginning as seen in
Fig.4. This is consistent with the results found by Conrad, Chen. and Sprecher9.
Though a double chain has a single chain of class A and a single chain of class B
close-packed, the geometric deformation of these two chains is not affected by each
other as in a triple chain or bct lattice (Fig.5). Therefore, the response force is a)so
almost linear to the deformation from the beginning.

In Fig.18, we plot the yield point 6,/L versus d/L for all four structures. It is
noted that as L/d increases, the yield point decreases. As d/L -- 0, the critical
shear strain of a single chain does not tend to zero, This implies that to break a
long singe chain, a minimum shear strain is still needed, though the shear modulus
is vanishing.

1.0 . 025
bc " double -!

02.-ngl ."bc .t 'in

GLO :/0.15O0A double 0.10 .
trile nie

02-OM

0.00 0.2 CR.04 0OM 0.0 0.00 0M 0.04 0.06 008

d/L d/ L

lVig.17. Critical response coefficient per Fig.18 Yield point 6,1L versus d1L for
piarticle versus d1L for the single chaiun, dou- the single chain, double chain, triple chain.
bWe chain, triple chiainl, and bct lattice. and bct lattice.

To conclude our paper, we would like to make some comparison of our theoretical
results with experiments 9 . Conrad, Sprecher, and Chen observed the single-chain
structure when € is low and L/d is not too big. Similar to our discussion, they
applied a shear strain to the chain by sliding one electrode. The sliding electrode
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had a rough surface and there was sticking between the electrode and particles. The
same as in our theoretical discussion, the chain first became slanted, then broke
into two parts when the shear strain exceeded a yield point. For example, their
experiment found th2 yield point &/L was about 0.4 for Lid = 3. Our calculation
finds 6,/L = 0.31 for L = 3d, close to the experimental results. Their experiment
also found the response force was about 3.8 x 10-6 N for shear strain 0.21, Lld = 3,
and E = 2KV/mm. Our calculation has the response force 3.0p2/(efd 4 ) under the
above condition. The dielectric particles in the experiment were moist glass spheres
of d = 150pim. The liquid has Ff = 2.5. The effective dielectric constant of moist
glass spheres was not measured in the experiment but was expec ted to be higher
than 7.2, the dielectric constant of dry glass spheres. Applying the effective local
field for a single chain5 ,

Ej, = E/(1 - 0.601028a), (4.1)

we have found our response force close to 3.8 x 10-6N when e, = 22 ;, a reasonable
result for the effective dielectric constant of moist glass spheres.

In another experiment"°, the abov.,, group found that when the volumie fraction
S< 0.06, the measured shear stress was consistent with the shear s8iess of a single-
chain structure. When 0 > 0.06, double dcains were formed and the measured
shear stress was stronger than that of the single-chain structure. As P was further
increased, the measured shear stress increased because thick columns were formed.
This conclusion matches out theoretical calculation.

Worthy of note is that our present calculation is based on the dipolar approxi-
niation. Though we include the local field as in Eq.(4.1 ) to improve our results, the
contribution from higher maultipoles is not negligible when the volume fraction 0 is
high"2 '". Then the response force will be stronger than that under the (dipolar ap-
proximation. In addition, the thick structures are evemi meore favorable in ER fluids
when E, > f/ 12.13 It is also for this reason that we should expect the experimivnits
to find the double-chain structure, triple chain structure, and bet lattice structure
stronger than that from our calculation.
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ABSTRACT

We rep~ort soine1rlivological feahitre of El? Ilinda oliiervil oh astlHmIiwluf comi-

po0sed of sitea I~artjIeis dciiu'ersed~ in siliroil oil. 'thel( exeri riun ts show a 0iiixotraopic

iehavior with two diffuile rlit taracte-ristic tinie - We relate th sleaiortir oneC tI the
melaratio him t, tiewtweej two particles inside ait cazin torinedi by lit 1a. eciric 11,1,1;

lii. loiiger ooii origillittei Croutit a Ileosropic oirganizaetioni of the 4iispemirio suhbitil-
led Lo all electric itell uiiol to :% Iow. Tlliia ,itruniralr (etiajigi Call occur 115 welt ini
pri-esl'iof ita statichary Ilow 15iL4 duhg l ofii lclatory soliciit aioti . In iiii iii L c i15.

the viscociatisf arliitir are iiliowii to he very seilsitiva. to the kind~ of premeat

st rhctil re. 1wI ex lai i, this a lepejoance lby alicalis oi ttie caleu ilt is orinLaraactioti foreesi
between two or three dielectric Ilarticles.

Electrorheological fluids ame known to pstesent important changes in their theological
properties when they are submitted to an electric field of a few kilovolts per mill imeter. This
behavior comes from the polarization of the particles and fromn the resulting structural change.
Generally, the ER effect is evaluated by mewns of the yield stress appearing under the
application of an electric field. Indeed it is usual to describe the rheological behavior of ER
fluids by a Bingham law so that thc fluid is eiterely characterized by the yield stress and the
plastic viscosity which is generally taken equal to the viscosity in absence of the electric
field~ln order to predict the value of the yield stress, the suspension is often represented by an
assembly of non interacting chains aligned in the direction of the applied electric field. Then.
the yield stress is easily ubtailied from the knowledge of the electrostatic interaction force
between two dielectlic particles . In the second part of this paper (the first one reports
experimental results), we compare this model to another based on the~ calculus of the
restoring torque on an homogeneous ellipsoid tilted in a field. The next two parts are devoted
to a tentaidve of an explaunation of the experimrental observations. Actually somec experiments
carried out on a silica based suspension show that the behavior of ER fluids could be much
more complex than the one of a Binghami fluid; for instance, ER fluids can exhibit two
distinct thixotropic features with two different characteristic times. In the third part we
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propose to relate the shorter characteristic time to the time e, "lution of the distance of

separation between two particles. The second thyxotropic feaure is shown to result from a
new organization of the fibers of particles in stripes formed in the plane defined by the
direction of the field and the flow.Tnc same kind of structural changes occurs in the presence
of an oscillating flow and influences considerably the viscoelastic behavior of the fluid. This
point is discussed in the last section.

I-XPERIMENTAL

In this first part, we present the suspensions and devices we have used to study the rheological
behavior of ER fluids.

I.I. Composition of ER fluids

We have used two kinds of suspension which are both composed of micronic silica particles
(2a = Iltm) dispersed in silicon oil. The solid volume fraction is equal to 12% and the viscosity of the

silicon oil is either 20 cp or 500 cp. We are going to show the advantage to make use of two
suspensions with rather different viscosities. Unfortunately the suriace treatment used to stabilize the
particles was different in these two samples, so the interactions between the particles are not the same
in bodi sysems and the experimental results obtained on each dispersion are not directly comparable.

The relative permittivities of the suspensions have been measured with a variable thickness cell.
The permittivity of the less viscous dispersion has been found to be es = 21,6. With the knowledge of
this value and of the permittivity of silicon oil, ep= 2,8, we can deduce the internal permittivity, ep, of
a particle from a mean field theory like Bruggeman's [I I. We get Ep = 62, All these permittivity values
are obtained for a frequency of 100 Hz. For the most viscous suspension the values are the following:

es=3.2 and es=7,7 at 100Hz.

1.2. Experimental devices

The steady flow measurements have been carried out on a controlled str'-ss rheometer Carrimed

CLS 100 either in cylindrical Couette geometry or in rotating parallel disks configuration. The ext.emal
cylinder or the lower plate are comnected to the high voltage and the internal cylinder or the upper plate
are rotating and grounded through an electrode deeping in a mercury reservoir situated at the top of the
rotation axis. Each of the two systems is convenient for a special experiment : with the Couette
geometry we can assume that the shear rate within the gap is constant since the difference of radii of
the inner and the outer cylinder is small (ARIR - 0.08). So we can assume that everywhere in the cell



330

the state of the suspension is the same. Concerning the second device the disks are made of glass and
are coated with a transparent fitr of tin indium oxide. It allows to apply an electric field and to
maintain enough transparency to observe the stlructure in a plane perpendicular to the field with a

microscope.
The oscillating plate rheometer we have used is an original device [2). The cell containing the

ER fluid is composed of two parallel disks coated with tin indium oxide; the lower plane is motionless
and the upper one is mounted on the arm of an electromagnetic vibrator, the applied sinusoidal force is
controlled by the electric current passing through the vibrator coil and the displacement of the upper
disk is mea.sured with an optic sensor whose precision is one tenth of micron [31. A computer recordS
simultaneously the force and the displacement, the motion of the upper disk is the one of an harmonic
oscillator governed by the equation :

dd

m is the mass of vibrating part of the apparatus k and a are respectively the elastic and the damping

factors of the vibrator. S and d. the surface of the electrude i and the gap between them.
At Iasi, G' and iV are the viscoelastic characteristics of the suspension : storage modulus and

viscosity . From cq.(l), we can deduce the phase shift, q, between the displacement and the applied

force :

tn (p cut + uls
1-0

and (2)

Then, a measurement of the variation of (p versus the frequency allows to determine the storage

modulus G'.

11.3. Preliminary experirnental observations

Performing measurements of the static yield stres.;, we have observed that its value was
dependant on the rate of increase of the shear stress. This tirme dependance is not so ofnii r-epored
since most of experiments are carried out wim controlled shear rate rheometers. The second important
observation is that, whatever the characteristic time, the loading and unloading curves are different.
These observations were made under a field of 1710 V/mm on the more viscous fluid. They are
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reported in fig. I where are represented three loading curves obtained for different rates of increase of
the shear stress and ait unloading curve, which is independant of time in our experimental times range
The time evolution of the loading behavior seems to be of the same order of magnitude as the time
needed for the particles to separate of a diameter from each other. The experimental observations will
be explained by means of a model based on two particles hydrodynamic and electrostatic interactions.
The characteristic time evolution is proportionnal to the viscosity of the suspending fluid, so this
thixotropic behavior is easier to observe on the morm viscous fluid.

We also noted that the rheological behavior is history dependant. Indeed fig. 2 presents two
rheograns obtained either when the suspension is stres&ed for the first time after the application of the
electric field (lower curve) or when a prestress of 28 Pa (; = 20 s-1) has been applied during few
minutes (upper curve). These last observations have been made with the parallel transparent disks on
the less viscous fluid in order to be sure that the rheograms were equilibrium curves. We observed that
during the prestress, isolated aggregates moved to form some concentric stripes in the direction of the
flow and of the field. We shall explain the increase of the yield stress in the presence of stripes by their
internal structure and the iorfractionz; of particles inside themselves.
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A

1 13
Fig,3 top views ( in the plane perp'ndicular to the electric field)of the structure of the
suspension submitted to a field and a flow; A :stripes parallel to the direction of the field and
the flow observed either in a stationary flow or in oscillating shear at large amplitudes (y- 1),
B :sheets perpendicular to the flow obtained in oscillatory flow for intermediary amplitudes
(I10-2<'T><1)

(lO~2%atl
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We can observe the same kind of phenomenon in sinusoidal oscillation experiments : when the
amplitude of the strain is very small (y < 10-2), the aggregae•s remain isolated whereas, when the

deformaton is increased to about 1. they form a structure very imilar to the one observed in steady
flow (planes parallel to the direction of the flow and of the field, fig.3.A.). And, at last, under some
intermediary smain amplitudes the aggregates group into sheets perpendicular to the direction of the
flow (fig.3.B). The storage modulus. G'. of the supeasion under the field is very sensitive to the
structure. Tab. I presents a summary of the variation of G' versus the structure. These results were
obtained at a strain amplitude of 2.10-2 in the presence of a sinusoidal electric field of amplitude Eo =
16.5 kV/cm and of frequency vh ij 600 HL GY' is practically indepentdant of the oscillatory frequency in

the range of frequencies we have used (50 < V < 80 Hz).

Structure Isolated aggregates Perpedicua sheets Parallel stripes

G'(Pa) 170 74 1280

As in the stationary case, the influence of the structure formation on the values of the storage moduli
can be explained by the interactions between two or three particles insidu zhe stripes.

I1. STATIC V!VLD ,ThR~S

Generallythe theological behavior of ER fluids is modeled by R Bingham law; indeed, in the
presence of the field the particles form aggregates elongated in the field direction which can link the

two electrodes. So, if we want the suspension to f ..v in direction orthogonal to the electric field, a
finite sTres is needed in order to break the fibers of particles. This is the static yield stress. Usually, the
field induced structure is modeled by assembly of isolated chains of particles. This description is
correct when the solid volume frwtion is very low (less than 1%). At higher solid content, the chains
group into thicker fibers. In this first part, we are going to show the influence of the choice of the
strutture model (chains of particles or prolate ellipsoidal aggregates) on the -tatic yield stress
predictions.

11.1. Chain model
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This reference model is based on the hypothesis that the strucure induced by the field is formed

of isolated chains of spheres linking the two elecutodes. In this case, the yield stress is simply relazed to

the force neLded to separate two particles initially aligned in the field direction and pulled tangentially

to each other.
Klingenberg [4] has calculated this force for two dielectric spheres of permittivity ep

surrounded by a dielectric fluid of permi-tvity is Ef. The maximum of this restoring force Fl 2 m gives

the yield stress :

Tcs -= # 2 F (3)
In a2

where ý is the volume fraction of particles and a their radius.
F12 m is the maximum of the restoring force which is given by:

F2 = 3 4 a2 P 2 E2 f (.,) (4)

with

C.+ef

and

f(a.ik) = (Or[ (2f/, + 2fr) sinO Cos 20 - f.Lin 3 01

Where f//,fr and f depend only on the ratio of penazittivities and are calculated for various ratios [41,

11.2. Ellipsoids model

Since usually ER fluids are concentrated or semi diluted suspensions (0 > 10%) their structure

under an electric field has to be modeled by elongated aggregates rather than by isolated chains. In

previous works we have shown that the aggregates could be represented by prolate eUipsoids [6], [7].

We assume that, during the shear (before the yield stress is reached), the shape of the ellipsoids (ratio

of the semi main axis, 1, to the semi small axis, b) doesn't change. This hypothesis is not verified since

the aggregaics which connect the two plates of the rhometer are stretched; but we have verified that

taking into account the stretch only modify the numerical results by a few percents. So we car

calculate the yield stress firom the torque needed to rotate the Na/S aggregates per unit area in the
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presence of a field. The torque is given by the derrvative of the energy with respect to 0, the angle of

inclinaison :

r = - aU/m0 (5)
with the electtostatic energy per unit volume given by

U (- Na/V Ma.Eo (6)

In Eq. 6 Na/V is the number of aggregates per unit volume, Mg their dipolar moment and E0, the

applied electric tield.
So, from Eqs (5) and (6) we can express the torque per unit volume which is also die restoring

force per unit area:

I- EE- (E. - I) F2. (7) I n• ,.
2. + +(E,- 1),,.[l + (F,,- 1)ny] (7)

where Oa is the solid volume flacuion inside the aggregates which has been chosen equal to 0,64. Ca is
the relalive permittivity of the aggregates, this value is calculated from Ep with the help of
Bnmggrman's theory; Er = Ep / CF is the ratio of the permittivities.

At last, nz and ny are the depolarizing factors in the direction of the main axis of the eliipse J
and perpendiculary ;o it, respectively:

2e3 ,

and ny = (1 --iz)/2 (8)

where e is the exentricily:

11-3. Experimental resullts, comparison with theories

~~~~~ -. . .. . . . .. . . . .. . . . . . . . .
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For this first experiment whose aim is to determine dhe static yield sress, we have used the less
viscous suspension. indeed, in the third part of this paper, we shall show that the Theological behavior
of ER fluids is governed by a characteristic time proportional to the viscosity. So with the less viscous
fluid, we can reach faster the equilibrium and measure the real equilibrium static yield stress.

The static yield stress, rs, is measured .by increasing the applied shear stress from zero to a final
value. Ts is assumed to be reached when the velocity becomes non zero.

As expected theoretically, the variation of the yield stress versus the electric field is quadric.
This behavior is shown in fig. 4 where are also represented the theoretical predictions of the two
models. Chain model underestimates the yield stesses while ellipsoid model gives larger values. In
this last model, the possibility for the particles to separate from each other as in the model of isolated
chains is not taken into account This separation lowers the restoring torque and a more suitable model
should consider both the real structure of the suspension (ellipsoidal aggregates) and the separation of
particles inside the aggregates during the shear.

Yet, even if the model of isolated chains is not really suitable for concentrated ER fluids, it is
interesting because it offers a microscopic description of the suspension. In particular we are going to
see, in the next two pans, that this discrete modelization of the suspension allows a semi quantitative
explanation of the thixotropy.

a- 4 a

Shear raLe (s-I)

Fig.4 Yield stress vesus electric field, experimental curve (o o o) chains model

predictions (S • *) elilpsolds model predictions (VVV)

,uW-I
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II - THIXOTROPY OF ER FL!UIDS

In this part, we relate the thixotropic behavior of ER fluids to the microscopic scale. In

particular, we are going to see that thixotropy has two distinct origins whose characteristic times are

very different : an hydrodynamic origin with a short characteristic time corresponding to the separation

of two spheres inside a chain and a structural origin where the caracteristic time is ruled by the
displacement of entire fibers to form some planes in the direction of the field and the flow,

111.1. llydrodynamic thixotropy: dynamical effect

Our purpose is to explain the dependance of the rheograms on the rate of increase of the shear
stress -c. For a linear increase with time :

T = ct (9)

We shall model the suspension in presence of the electric field by a set of isolated chains linking

the two plates of the rheometer. Each particle in a chain is submitted to a force Fa given by:

FP J-- -ct (10)
3#

and also to the electric restoring force, F12, given by the formula (4). So we can obtain the relative

velocity of a pair of particles in a chain by the product of the mobility matrix by the difference of

forces acting on them :

8V = M[F'- Fta] (11)

e is the unit vector aloi.6 the -. tion of the tilted chain; its components are cos 0 in the

direction of the fick ..- ;.- - .. urection of the applieu force. . is the normalized (by a)

separation between par.,L n,. For s,.. ill separations (4<0.1), the functions G(,) and H(4) can be

approximated by:

H(E) - 0.401 - 0.532 / in4

So, using eqs. (4), (\10), and (11) we obtain the equation of relative motion of the two particles:

4{(4+2) sin 01 - L- (G(4) sin1 0 + H(k) COS2O) -(FP Wt - Ft2 (4)) (12)
dt 7a

______ ____ ______ _______ ___ ________________ ____________________________] _
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In this model, we assume that the chain deformation i alffinc i.e. th'•re is no motion along the
field axis. Then 0 and 4 are related by:

cos 0 = (2 + 4o) / (2 + 4) (13)

where 4o is the initial normalized separation (when the chain is not strained) belween particles. For
this value, we have chosen 10-3. Nevertheless, since the relative motion is tangential and the maximum
restoring force is reached for a rather large angle (0 - 100), the choice of this parameter does not affect
significantly the result of eq. (12). The left term in eq. (12) gives the relative nonnalized velocity 8V
which is related to the shear rate by

Y €= 8V (14)
(2 + U)

This model is valid as far as the chain does not break. Then after the rupture we have to
consider the rebuilding of the chain but as can be seen expetimentally, it is simpler to use a
Bingham law:

% = ruo + 'Ed (15)

where "•o is the zero field viscosity and 'Td the dynamic yield stress. td can be calculated by

evaluating the extra viscous dissipation introduced by the presence of the electric restoring
force [81. Indeed when the relative motion of two particles is restricted by the electrostatic
interactions the energy is stored. This energy is given back by means of an extra dissipation
when, on the contrary, the chain breaks and reforms rapidly [91. In this model Td can be

evaluated by the following integral :

,d = 2& JoI F 12 (y) dy(d) 2-n a.2
3

where <d> is the average distance between two chains.
Fig. 5, shows the theoretical rheograms obtained with this model for two different

rates of increase the stress : c = 4.10-3 Pa/s (lower curve) and c = 0.33 Pa/s (upper carve).

Comparing these results to the experimental one presented in fig. I we can first note
that this simple two spheres model is able to explain the main f.±atures of the experiment-'
results. The theory underestimates the values of the stress but this problem has been discussed

'VE
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in part II where we have shown that a chain model could not describe properly the rheology
of a concentrated suspension in the presence of a field.
At last, it is worth noting that die experimental results are reproducible only if the increase of
the stress is preceeded by an homogencization of the suspension without electric
field.Otherwise, the rheological behavior of the ER fluid is history dependant with a long
characteristic time. In the next section, we relate this dependance to a mesoscopic structural

change of the suspension.

Uo

40

20 0

10

100

2 4 6 0 10 12 14 16 15

E 10' (V/i)

Fig.5 Theoretical rheogramsn obtained from a model based on the calculus of
hydrodynamic and electrostatic forces between two particles, (-..) laoding curve with c=
4 10-3 Pa/s X( ---- )laoding curve with c=0.33 Pa/s , (-- _) unlaoding curve.

111.2. Structural influence on rheology

Experiments show that the yield stress is larger when the suspension has been
already sheared and is structured in stripes in dte plane defined by the flow lines and the
electric field (fig.2). We can model these stripes by a juxtaposition of chains of s;pheres
shifted by a radius in the direction of the electric field (Fig.6). Then when this structure is
being sheared, we have to consider not only the interaction between two spheres in a same
chain (1t3 and B2) but also the interaction between particles belonging to juxtaposed chains
(BI and A2). Assuming aditivity of electrostatic forces - which Is a not too bad
approximation if the ratio of permittivities pl/er is small- the electrostatic restoring force per

unit area is
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jir -- -- FaIB2 + FB1A2).e. (16)2- xa2 2. xa2
3 3

This gives Cs// = 30 Pa for the value of the yield stress to be compared to Tsil=1 2 Pa.

for non interacting chains . We see that the experimental and theoretical ratios ts//izsi are

very close :

186 \1 25 12

Moreover,we have verified the relevance of this explanation with the help of a

macroscopic experimental model where the force necessary to break three isolated chains of

iron cendrmeuic spheres in a magnetic fieid is compared to the one needed to break a stripe of
three imbricated chains in its own plane 1101. The results are well agree with the proposed

model. At last, it is worth noting that rupture occurs very differently it chains form planes or

remain isolated. Indeed the variation of the restoring force versus the deformation is shown in

figure 7 for the two cases. When the chains are non intercting, the rupture (maximum of F) is

preceded by a separation of the particles inside die chains whereas in the presence of planar

structures, the rupture occurs at zero strain. These different behaviors have probably a great

influence on the viscoelastic properties of the ER fluids.

Fig.6 Shenatic reTpesentation of the structum of a plane insine a stripe and of its rupture
duu-ing a she-.

IV. VISCO~ fASTIC BEHAVIOR

Experiments shov'v a strong dependance of the elastic moduli on the structure of the

suspension (a difference oiý one order of magnitude depending on the stripes are parallel or
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perpendicular to the flow) (Tab.I). In the case ,-if non interacting chains, the relation between

the equilibrium stress, -,, and the deformaton. y, can he obtaii.ed from equation (4) which can

be rewritten for smali strains :

c-±-^b Fr with FK 24co p2paE2(jr (f/t+fvr) (17)

3

This expression leads to G'(o.Ofr),/7=36 Pa. This is to be compared to the
experimental one obtained at a frequency of 60Hz : G'((o=377))l 7OPa.

The theoretical value is about five times lower than the experimental one. This

difference has likely several origins. We have already pointed out the first one in section II
where we have shown that the non interacting chain model is not adapted to describe

concentrated or even semi diluted supensions. On the other hand the non affine motion
introduces a motion perpendicular to the velocity lines which can strongly increase the high
frequency modulus (I 11. This is also what is observed experimentally [12].

In order to explain the difference between modali either in the presence of parallel

stripes or isolated fibers, we can use on the same kind of argument than in the stationary case.
Yet it is impomible to deduce the value of G' from the calculus of the interaction forces
betwcen three particles since the rupture of a plane occurs at zero deformation which would
lead to an infinite modulus. To solve this difficulty, it would be interesting to build a model
where the smuctures inside the planes are able to aretclt and deform themselves

On the other hand, if we form parallel stripes at high shear amplitude and then
measure the elastic modulus in the orthogonal direction we find about the same values of G'
than the ones obtained with the perpendicular sheets. By this mnan, we can evaluate the
anisotrory of the elasticity modulus which itself gives an indication of the internal anisotropy
of the stuctures.This observation would lewd to propose a model for the structure inside the
stripes : some monolayers of particies separated by a distance larger or of the order of
magnitude of the particle diameter.This kind of structure has been partly observed by
Brownian dynamics in a steady flow [131,

CONLUSION
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In this paper are summarized the main features of theological behavior we have

obseved oni a silica suspension submitted to an electric field. Furthermore we have

emphasized the thixotropic character of ER fluids with is two different characteristic times : a

short one related to the separation between two particles and one much longer explained by

the formation of a new mesoscopic order in the suspension. This effect due to a me soscopic

change of the structure under a steady flow is also found in oscillating flow. In this last case

the measured values of the elastic moduli differ of more than one order of magnitude

depending on the presence of stripes either parallel or perpendicular to the velocity lines.

2
F

1.5 A

00: GA• 0. ' 0.15 0,2

O., F

0.4 03
0.3 "

0.2 0.4 0.6 0.0 1

Fig.7 Variation of the restoring force vcivis the strain A in the case of non Intera-ting
chains (Fr-FA 1A2). B : in die case of planar structures sheared in their own direction
(Fr- FB I B2+FB I A2).
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ABSTRACT

The pruperties of an eloctrorhoological fluid (ER fluid) strongly deptid upon its particular
composition. Hence, only limited information can be provided about an ER fluid's
behaviour and its parameters without conducting experimental stdiies. The performance of
an MR fluid actuator can be limited if the ER fiubd urod is not woll known. That is why
application-orieuted measuremnct technsucq arm indispenwble in the development of F.R
fluid actuators.

Rotational viscometers with an electrically insulated measurement arrangement can be
implemented for determining rhuological and electrical ER fluid behaviour. In this paper,
the demands on the station used for traiuming theological and electrical ER fluid
parmneters are deteramied based on the eametial ER fluid properties. litnprtant problems
concerning the measuresmcts are abho discussed. Moreover, the experience gathered by
the Laboratory for Proces Automation (LPA) during the conltrUttion of such a miwvrsal
measuring station, which i, based on a commercially available rotational viscometer, is
described.

1. Introduction

The properties of an electrorheological fluid (ER fluid) strongly depend upon its
particular composition. Therefore, only very general statements can be made about the
behaviour of ER fluids. In addition, experiments are necessary to obtain exact ER fluid
parameters while the relationship between the chemical composition and the physical
properties of an ER fluid has not yet been established. These tests are unrenounceable
for the technical application of electrorheological fluids since the functionability of an
actuator can be limited through a lack of knowledge about the ER fluid used and/or the
use of an inappropriate fluid. On this basis, the technique of measuring ER fluids is an
important prerequisite for the development of ER fluid actuators.
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2. Universal ER lMuid Measurement Station with Rotational Viscometer

The basic layout of thc measurement stand installed at the Laboratory for Process
Automation (LPA) for determining the rheological and electrical properties of ER fluids
is shown in Figure 1. In addition to the ER fluid viscometer, the temperature control
system and the high-voltage source, it consists of components for precision measurement
of the current between and voltage across the electrodes, A computer equipped with
D/A and A/D converters is implemented for recording the measurement values as well
as for controlling the experiment. A software package which is capable of performing,
for example, Fast-Fourier-Transforms (FIT) is used for signal analysis.

PC/AT M

Tempera-
lure
Control

-- "7 IlerfSoul c-
IIAAIE Hoth-

RV 20 HAAKE --
Control 17 OtIT CV 20 -

Safely Housing

Figure 1: LAyout uf the ER fluid mnemjurement station

2. 1. Electrical Requirements for an ER Fluid Visconxter

A viscometer with electrically insulated rotational elements can be implemented
in the determination of rheological and electrical ER fluid behaviour. By applying an
electrical voltage potential, the test fluid ý'.an be exposed to an electric field. For
cylindrical viscometers, the voltage potential exists between the outer and inner
cylinders and for plate-plate viscometers, between the plates.

In addition to electrical insulation, it is important to prevent noise by shielding the
sensors and electronic circuits from the ER fluid control signals. This is particularly
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important for viscometers with inductive torque and rotational speed sensors, In such
viscometers, signal noise can be seen when ER fluids arc activated with high amplitude
alternating voltages if no special shielding is provided.

l)uring measurement, electrical potentials with amplitudes of up to a few thousand volts
can exist at the viscometer electrodes. To protect from personal injury, the viscometer
should be further shielded. For the protective housing implemented on the LPA
measurement station, the electrical control signal can be applied to the electrodes only
when an additional high-voltage switch is activated by a closed housing door.
Additionally, the operating conditions are indicated with signal lamps.

The control voltage amplitude may be limited by arcing between electrically activated
parts of the viscometer, particularly under conditions of high humidity. For this
problem, rinsing with an inert gas, such as nitrogen, can be a remedy.

2.2. R~quircienets fbi an High- Voltage Source

Together with the characteristics of tile viscomrete, the performance of the high-
', 'ltage source also determines which tests can be carried out on ER fluids. Conversely,
the demand on the high-voltage source can also be deduced from the desired
experimental procedures.

It has been shown in measurement practice that the implementation of a power source
with an output amplitude controllable up to 5 kV is useful in a measurement
arrangement with a ty,-ical shc-r gap width of up to about 1 mm. In addition to DC
voltages, the power source shc-ld be capable of producing sinusoidal wave forms so that
the frequency behaviour of an ER fluid can be tested. For this, the frequency of the
power signal should be controllable while a frequency range from 0 to I kHz has been
dt-:eimined useful.

An examnlc of the frequency dependent behaviour of an ER fluid is shown in the flow
curves ..n Figure 2. These results were obtained from sinusoidal control fields with an
effective (root-mean-square) field strength of En, = 2 kV/mn. For comparison, the
curves obtained with no field applied as well as those with a DC field of strength
E= 2 kV/tnm are included. The measurements were performed with a modified
HAAKE CV 20 viscometer with a cylindrical arrangement at a constant tempterature of
25°C.

An undesirable behaviour is observed in the ER fluid controlled by a DC input signal.
With an AC control voltage, on the other hand, the ER fluid exhibits good properties
and demonstrates no reduction in the shear stress even at high shear rates. It can also be
noticed from a comparison of the curves that the achievable shear stress increases up to
a frequency of 250 Hz at which the maximum value is reached. T-he st.ess values
become smaller again with higher frequencies.
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Figur,: 2: Flow curves for an EFR fluid with sinusoidal control tields

The 'echnical effort to produce square-wave altemating voltages is considerably smalici
than for sinusoidal wave forms. The electronics for producing square wave torilli aIC
also smaller and cheaper. For these reason,, the control of ER fluids with square-wave
signals could play an important role in future applications. In automotive damping, nlr
example, the control of motor mounts and shock absorbers can be pertOtrmed by
compact square-wave inverters coupled with high-voltage transformers at each daml'rI.
In this divided control concept, the inverter/transformer circuits can be supplied by a
centrally located low-voltage DC source.

On this basis, it is useful to impleme: Nquare-wave, in addition to DC and i•nusoidal
control signals, in determining the properties of ER fluids. This requires th.1t the high
voltage source also be able to generate square-wave signals, of which the amplitude, tlw
frequency and the pulse width of the signal should be controllable with a cotmputet.

The flow curves demonstrating the influence of the change in the pulse width are showu
in Figure 3. The ER fluid was controlled with a bipolar square-wave field signal with au
amplitude of E = 2 kV/mm and a frequency of 300 Hz. Various pulse width ratios wert
tested. The pulse width ratio w is defined as the ratio between the pulse width tj and the
period t2 (see Figure 3). As in the previous example, the twits were performed wifi :
cylindrical viscometer arrangement at a constant tenmperature of 25°C.
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Iuguic 3" a) Flow curves for an ER fluid with Nquare-wave control of various pulac widths,
b) Dcfi-ition of the pulse width ratio

A comparison between the curves shows that the highest shear stress value is obtained
.th the maximum possible pulse width ratio w = 0.5, for which the width of the pause

ix-ween the pulses is zero. With narrower pulse widths, and therefore greater "pause
widths," the curves are shifted further down. The flow curve corresponding to a pulse
width ratio w = 0. i lies only slightly higher than the flow curve without field (E = 0).

2.3. Recommendations for the Control and AnalYsis Equipment

The behaviour of electrorheological fluids is dependent on their particular
composition and on a number of other factors including the temperature. shear rate and
the amplitude, frequency and wave-form of the applied field. Control of a measurement
process involving so many variables is aided through the use of a computer (e.g.
PC/AT). In this case, not orly should shear rate, shear stress and temperature be
predetermined variables of time; the field strength should also be preprogrammed. Il
order to achieve this, the viscometer, high-voltage source and temperature control
system should all be controllable.
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A study of the electrical behaviour of ER fluids requires that the voltage across and the
current between the electrodes be measured. It is -ecommended to incorporate the
control ond analysis of these measurements into the hardware and software of the
computer rather than buying individual devices. The computer should be equipped with
U/A and AID converters for recording the measurement values as well as for controlling
the experiment. A sotware package which is capable of performing, for example, Fast-
Fourier-Transforms tFFT) is recommended for signal analysis.

2.4. Testing of Electrical ER Fluid Properties

The electrically equivalent circuit for an ER fluid actuator is needed for
conceiving and dimensioning an optimum high-voltage source. In its simplest form, the
model consists of an ohmic resistor in parallel with a capacitor, as shown in Figure 4.
Both elements are determined by the electrode geometry and by the ER fluid properties,
which are non-linearly dependent on the temperature, control field amplitude, field
frequency and ER fluid shear rate.

;C(•ERF Ad) d(4 ERF, A, d) 6=AT
I__"d "SERF (T V,D)

Figure 4: Equivalent circuit for an ER fluid actuator

The ER fluid parameter which is simplest to measure is the conductivity. For
measuring, a VC field is applied to the ER fluid and the current is determined with the
help of a known resistance Rr. The specific conductivity of the ER fluid can be
calculated from the current and the dimensions of the measurement apparatus.

The duration of the measurement is important in this test since the conductivity steadily
increases from the beginning of the measurement. At the same time, the shear stress is
seen to decrease. Figure 5 shows an example of the shear stress time dcpeidence for
field strengths of El = I kV/mm, k = 1.5 ky/mm and E3 = 2 kV/mm. The
measurements were performed during a time period of 60 minutes on a cylindrical
measurement arrangement at a constant temperature of 25'C and a constant shear rate of
D= 100 sec-.

A long-term test was also performed with the same ER fluid under the same
measurement conditions with an alternating control field. Sinusoidal fields with a
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frequency of f = 50 Hz were applied. In order to permit a better comparison of the
measurement results with those from the DC voltage tests, effective field strengths of

t_4Ms = I kV/mm, E_,,, = 1.5 kV/mm and F6rms = 2 kV/mm were chosen. The test
results are shown as well in Figure 5. A comparison of the shear stress-time curves
shows that shear stresses of similar amplitude are achieved in the first few minutes for
DC and alternating control voltages. In contast to the DC control voltage tests, the
measurement curves from the alternating control voltage tests shows no reduction in the
shear stress.

This ER fluid behaviour can be explained by the effect of electrophoresis. Under DC
field control, the suspended ER fluid particles migrate in the direction of one of the
electrodes due to the force of the control field. Because of this, the originally uniform
dispersion of the particles changes within the shear gap. At the one electrode there exists
an accumulation of particles and at the opposite an impoverished zone. This results in an
ever reducing achievable shear stress. These measurement results demonstrate, with
respect to long-term stability in technical applications, that the application of alternating
control fields without a DC component is favourable.

250
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zoo -- • -E6
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Figure 5: Shear stress-tme behaviour of an ER fluid with DC and AC control fields

Distorted - instead of sinusoidal - current density curves were observed for sinusoidal
control voltages due to the non-linear relationship between the ER fluid properties and
the control field amplitude. This is illustrated in Figure 6 with control field strengths of



E'1jk 0.5 kV/mtn. ktik I kV/mmn and E'1ký2 Minimm The measurements were
made with a cylindrical viscometer arranigement at a constant temperature of 25'C and a
constant shear rate of D = 100 sec 1

It is apparent that the distortion becomes greater with increasing field amplitudes. It is
also recognizable in the power density spectrum of the measurement signal that
additional frequency components occur in uneven multiples of the basic frequency under
conditions of strong control fields. At the same time, the phase shift between the control
and measured signals changes. With small control voltages, the phase shift p is nearly
-90o and tends towards zero with increasing field amplitudes.
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strength of E,2pk = I kV/mm results in a phase shift of ýo = -56'. In this case, the
active power is almost as great as the reactive power. A phase shift of ýp = -27' was
measured when a field strength of -3pk = 2 kV/mm was applied. That means the load
has a larger ohmic component than a capacitive one. The voltage source should
therefore mafinly supply an autive power.

The effectiveness of an ER fluid application as a whole depends on the rheological
behaviour of the unit as well as on the design of the power supply and controller. The
electrical efficiency of the system can be increased by selecting an ER fluid which has a
low conductivity resulting in a low active px'er. It can be further increased if the power
supply is designed to utilize the reactive power component in an efficient manner. This
energy recovery is one topic of power supply development at the Laboratory for Process
Automation.

In addition to the described tests, further experiments will be performed at the
Laboratory for Process Automation (LPA) as, for example, the determination of the"small signal" behaviou of the ER fluid dependent on the working point. In this case,
th.• ER fluid will be controlled by a DC field with superimposed, comparably low-
amrlitude AC signals. The test results lay the ground work for a mathematical model of
the electrical behaviour of clectrorheologial fluids, which is currently being developed.

3. Rotational Viscometer Assembly

Some viscometer producers, as a result of steadily increasing interest in
clectrorheological fluids in the past years, have begun to offer units which are built to
handle a high-voltage connection. In practice, however, the desire is often to modify an
available rotational viscometer for the measurement of ER fluids instead of buying a
completely new unit. For this reason, the importapt aspects in the assembly of an ER.
suitable viscometer are briefly explained in the following. using the viscometer model
CV 20 ER offered by the HAAKE company as an example. The resulting experience
gathered at the Laboratory for Process Automation (LPA) is also illustrated.

3. 1. Electrical Insulation and High- Voltage Connection

The HAAKE CV 20 is a shear-rate-controlled Couette-viscometer in which the
lower cylinder/plate is driven by a DC.motor. A tacho-generator is implemented ftor the
measurement of the rotational speed and is located, together with the drive motor, in the
lower housing. The torque measurement system is installcd in the vertically adjustable
measurement system head. The torque is determined by sensing the twisting in the
torsion element with the help of a differential transformer (LVDT).

The measurement system r ,st be elecmically insulated so that a voltage potential can be
applied. The easiest way to achieve th•. is to insulate the torsion element and mounting
clamp from the torque measurement system and the housing. Figure 7 shows a cross-



sectional view of the measurement system head. T'he plastic electrical insulation is
shown with crosshatching. The core of the differential transformer is held by anl
electrically insulating plastic arm. Anl insulating sheet lies between tilc differential
transformer and the circuit board containing the signal amplifier.

The high-voltage is connected to a stationary portion of the torsion element via a short
cable from the high-voltage socket (not shown in Figure 7) which is fixed directl 'y to the
measurement system head housing. The high-voltage connecting cable should be as short
as possible to minimlize signal noise.

Signal Amplifier

Differential
Tranrsfuriner [LVUTI

Torsjui Elemien~t

Mouningi~ Ltam;p Lonner i un

Figur-e 7: Cross-sectional view ot Lhe insulated IIAAKE. CV 20 iiiewaeniucnet System hlead

3.2. Shioldiuzg against Alternating Fields

If special shielding is not implemented, signal noisc can appeal In visconleters
with inductive torque and rotational speed sensors when a high-tuniilitudc alternating E111
fluid control voltage is applied. This was the case with the v'iscometer used at thle LPA.
Before shielding was implemented, signal noise was present onl thle outpLt signal from
the torque sensor unit.
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Figures 8 and 9 illustrate examples of noisy torque signals. The results shown in Figure
8 were achieved by applying a 500 Hz sinusoidal voltage with an amplitude of
Vpp = 4 kV (Figure 8.a). The torque signal Vm is made up of a DC component and a
superimposed sinusoidal voltage with an amplitude of V,=, = 987.5 mV (Figure 8.b).
The measurement results in Figure 9 were achieved using a 50 Hz square-wave signal to
the ER fluid with an amplitude of V = 4 kV (Figure 9.a). The resulting torque signal
contains distinct voltage peaks. These peaks step up or down coincident with the edges
of the square-wave signal and have an amplitude of 800 mV (Figure 9.b). In each
measurement example, the noise component has an amplitude as high as the
measurement signal itself.

Figures 8.c and 9.c illustrate the output signal from the toique measurement device after
implementing an electrically earthed housing shield. A disturbance from the ER fluid
control field is no longer detectable. One can only notice a 2.77 kHz alternating voltage
with an amplitude of Vp = 28 mV superimposed on the DC measurement signal. This
disturbance stems from the differential transformer signal amplifier.

1 2 " " " " """ I"' I "'"
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VmmV i / i4 ... -- - '/-! .7\ ...- !, . I- 1
800 \ ', / \ K" /|t'/I\ I/• I
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Figure 8: a) Sinusoidal FR input voltage, b) Uishielded torque signal, c) Shielded torque signal
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Figure 9: a) Square-wave [R input voltage, b) Unshielded torque signal, c) Shielded torque signAl

The described signal disturbances result from an electromagnetic coupling between the
ER fluid control signal and the torque measurement device. This coupling, and therefore
the signal noise, was able to be considerably reduced through the implementation of
shielding plates in the measurement system head housing. The desired result was
achieved with an aluminium housing constructed at the LPA, in which an aluminium
plate is insttalled next to the differential transformer and one beneath the amplifier circuit
board. In this way, the high-voltage connection, the transformer and the amplifier are
each locatod in their own chamber. The housing and the shielding plates are electrically
connected and earthed.

4. Prowip•cts

The rheological and electrical properties of ER fluids depend on a great number
of factors with nonlinear relationships. This means that a comparison between different
types of ER fluids is only possible when their characteristic values are taken under the
same measurement conditions. At the present, no standardized specifications for the
determination of ER fluid characteristic values exist. For this reason, the characteristic
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values given by ER fluid preducers are, in gener-al. determined under different
measurement conditions, and therefore, only minimally comparable with each other.

The lack of understanding about the behaviour of ER fluids was recognized early at thle
Laboratory for Process Automation in the development of actuator systemis with ER
fluids. Currently. we are dealing with electrically controllable dynamic absorbers. All
absorber realized at the LPA is shown in figure 10. It works based on thi: shear mode
and consists of a mass capable of oscillation which is coupled with springs to thle ER
fluid-filled housing. Thec ER fluid is a controllable damping component making the
dynamic absorber tunable, It can thus be exactly adapted to the structure to be
dampened, eveni during changing vibratory behaviour.

Shearing PliGf Sliding B~earing

,. Shearing Gap
_W11- -lidi

SpUering

HIole for Q DisIu'rce Cermic____ d

Sensor a7C~on3uucqg~f~~u~r ace

I-iousrng Shear Plate

Mounfjnq Surface

Figure~ 10: Consitruction of an E R fluid absorber
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Here the actuator system comprises not only the damper but the whole control circuit
consisting of the damper, the high voltage source and the controller. If the individual
components are not co-ordinated, the results will be unsatisfactory. This might be the
case if the output of the amplifier is not adjusted to the ER absorber or if the wave form
and the frequency of the control signal are not adjusted to the ER fluid used.

Data about the frequency behaviour, square-wave response and electrical modeling of an
ER fluid were not available in the data sheets provided by the procducers of ER fluids.
For this reason, producers and users of ER fluids should concentrate on the
establishment of objective measurement methods and processes for characterising ER
fluids. Those involved should agree to put together a catalogue of essential parameters
and to define the conditions for their measuremicnt.

5. References

I. H. Janocha (Hrsg.): Aktoren, Springer-Verlag, Berlin, 1992.

2. H. Janocha and B. Rech: Measurements on electrorheological liquids with
rotational viscometers. Rheology 93 (March 1993), Vincentz Verlag, Hannover,
p. 39-47.
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EXPERIMENTAL STUDY OF YIELD STRESSES
IN ELECTRORIIEOLOGICAL FLUIDS
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CNRS atul Unheia'Mwo Joseph Fouriet de' Gren~oble
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A BSTRACT

The rheological behlaviour of' electrorllaologjcal (ERg) Ilu1ids 1inader steady' shear flow
i;an be clhariacteized by a dynamic yield stress tr,, and a appuacrit viscosity
Mcasureiaacus at small shear stiam s e.xhuibit anuiciatr limiting stress defined as a surti
y'ield stress -c,. Wc have studied Ell fluids based on a muixture oi' cel lalo seand nuiciemal
oil. The variations of static wad dynamaic yield stresses have been investigated ah a
function of D.C. electric field L and volumec fraction 0 of cellulose. Static yield stress
depends not only on electric field E and volume fraction 0 but also onl a litte 1, of
aippl ication of' tlie electric field prior to thke shear. The timic t. corresixmids to aim
elcctrical conditioning of Illc suspension. umeecssary to Obtain aeproducible
macasurcaezatsm we paresentl results which lead to esltimatcs for a time [,:. Finlally. we
comupare (lie yield stresses measured with tilec qualitative laws of' inleraction force
be-tween pamiticules as given by a cunduction amodcl aiad note a quallitaivt e rehationi
between stiucturuutiouu (11the maedi am amd current flowing athrough i a

1. Introductiona

One of the basic pi m-tiies ofr ER fluids is the atppearance of' strengi - -.-hen th'rý arc
subjected to an electric field. This strength is usually chaaaaterized by static (ttu flow) and
dynamic yield stressesI. Experimaental studies have first focused onl thle measurement of'
the dynraaic yield stress cod as a function of' the shear rate '' and of'tlac volumae firaction

02,3 Mote recently a detailed study pitdout thl motne of' the shear rate on thle
d.-terminiation ot' the static yield stress tcos" TIhe measurements generally maent ion t hat
yield stress exhibits a quadratic dependentce on thle applied electric field 5-" Only recently,
Sprecher et al. pointed out a maore ccanlplex lphenoumenort; they Iounld that the increase or
shiea stress as a liinclion of' E departs t'rom the quadratic law at htigh eniough applied
fields7.

Itt order to model thle ER erflct, the authors generally agree to consider that thle
electrically induced attraction force between p~articles arises fr-om the electric polarization
of' the media, as ieflected by the permittivitics"'. Attempts at estinmating the values of' r.,
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however reveal that this explanation of the particlc-particle interaction does not account
for the observed yield stresses"' One p ossible reason lor this disagrecment is that tile
postulated basic mechanism is not the true one at least at D.C conditions. Indeed a recent
conduction model confirmed by large scale experiments for D.C. lields provides a new
way of explaining the particle-particle interaction and flor estimating the attraction force
between them'i This explanation is based on the fact that the electric field distribution is
controlled by tihe conduction properties of both componentts at times clearly greater than
the charge relaxation times of both media. Moreover the attraction force was found to
va•y proportionally to E for high enough fields12.

The confirmation of this new approach on large scale spheres encourages us to
investigate the behaviour of ER fluids with particles of much smaller diameter. One aim of
the present work is to examine closely the field dependence of the yield stresses in D.C
conditions. Another point we address is to examine the c(urrent tlowing through the fluid
and to look at a possible correlation with its structuiation. Prior to presenting results
conlcerning these two points, we recall the definition of yield stresses in ER fluids and
describe the experimental procedure.

2. Experimental

2. I )efihiiion of yield stresses

We retain here the definition of yield stresses in ER fluids as given by Conrad et al. 13
From a curve representing the shear stress as a flunction of the shear strain, for very low
shear rate, the static (or quasi-static) yield stress Es is the highest value reached by shear
stress (Fig. I-a). The dynamic yield stress 'C corrOeSponds to the thresihold of a Binghain
model. It is obtained by approximating the variations of shear stress as a function of shear
late j by a linear relation :"T¢m is the value extrapolated at " U (Fig. t-b).

2.2 A-xpeirmental .et-iq)

We used a modified Couette rheometer with a special arrangemCnt using a pin-
mercury cointact. This apparatus (Mettler 115 A) is a controlled-rate rheoimeter. The shear
rate could be varied from 0 1 to 1,000 s-1 The test cell consisted of two concentric
cylinders with gap I nr- mean radius 13 mm and height 37.5 mm. The inner cylinder is
electrically insulated up to 5 kV and the outer cylinder is grounded.

The D.C. high voltage was imposed from a 5 kV I IV power supply (Mesco) and the
current was monitored using a resistor (50 kW) and a X(t) recorder.

The ER fluid used is a mixture of cellulose microcrystalline powder (typical size = 30
pim, water content W, - 6%) and a mineral oil (TF 50 Ell) of charatei sties : electrical
conductivity i - 10"12 S/mi, relative permittivity ur = 2.2, dynamic viscosity 1--- 35 cP
(T1-23°C). Cellulose powder is dispersed in oil by strongly mixing during appfoximately
ten minutes before beginning experiments. The volume fraction of cellulose ranged from
10 % to 30 %.
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,,O/ . -

c. Coo typical actual
"�"curves

S- Bingham model

0 0 L
Shear strain 0 Shear rate

(a) (b)

Fig. I. Schematic curves defining yield stresses in ER fluids. (a) static yield stress tog ; dotted curve
exhibits a "yield point" and solid curve indicates a smooth variation. (b) dynamic yield stress 'Tod ; dotted
curves show some typical flow situations.

2.3 Experimental procedure

An electrical conditioning of the cell and the ER fluid (for a freshly preparated
suspension) is required in order to obtain reproducible measurements. Fig. 2 illustrates the
typical behaviour of the fluid when starting immcdiately the measurements. It shows the
values of static yield stress (for a detailed description see § 3) as a function of the used
sheat rate which was varied from 0. 1 to I s 1 . Reproducibility of the results apparently
occurs only after a full cycle. In tact the crucial param,,er is the time tc of application of
the electric field (at least 5 to 10 minutes in the present case).

The raison for this "conditioning" effect presumably is an evolution of the electric
conduction of the ER fluid. In dielectric liquids it has long been observed that the D.C.
current drastically depends on minute traces of electrolytic impurities- It generally
decreases with complex kinetics and usually several characteristic times can be
identified' 4 . The pure liquid used to elaborate our test fluid (mineral oil) exhibits such a
behaviour (Fig. 3). Of couise in the ER tluid. various electrochemical processes occur and
the whole thermodynamic equilibrium is altered by application of D.C. field 'md passage
of current. The practical consequence of these intricate phenomena is that a minimum
delay of about live minutes must be observed between the first application of the ficld and
the beginning of the rheological measurements.

3. Static yield stress

In order to investigate the influence of applied electric field E and of volume ftittion
of particles on the static yield stress it is necessary to first measure tlsc shear stress against
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Fig. 2. Behaviour of aii freshly prcpu atrld Elk fluid (cell ulose in :mineral oil) wheil sla r ing imiimediately
the s•atic yield Siless measurements (each measurement lasts one minuLc). The conditioning time Ic
required for reproductble results is about live minmtiles.
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time. We worked according to tile following procedure a a constant electric field E is
applied and, after a delay of 10 to 15 s, a shear of constant rate (ý Ž_ 0. 1 s1) is imposed
(the shear strain y is proportional to time). Fig. 4 exhibits two typical responses : on Fig.
4-a, a yield point-type behaviour is visible which defines Tos whereas on Fig. 4-b the
variation is much smoother. Fig. 5 presents the variation of the static yield stress -c,, as a
function of shear rate for diflerent valucs of applied field E and of volume fraction 0. We
observe lirstly that for high applied field, c,, to good approximation, does not depend on
,j between 0. 1 to I s-. At lower field values the yield stress begins to decrease above the
shear rate, the value of which is smaller when the field is smaller. This decrease appears to
be slightiy mole marked when tile volume fraction is increased (Fig 5).

The results of Fig 5 suggest that, for our particular ER fluid, there are rather well
defined saturation values for TO, at low shear rates (<I s-1), especially for high applied
fields (E Ž_ 2 kV/lil). A dilticulh question arises as to whether or not the Constant value
can be extrapolated to low shear rates. From Fig. 5, the measured %, could be expected
to give the value at zero shear stress I lowever, Conrad et al t did not obtain such well
defined plateau values and even found a significant increase of-C T for ' decreasing below
10-1 s1. As the latter work is the only one wiCh investigated this question. the p roblain
remains open (note that our rheunictr does not allow to operate at shear rates < 10"1 S1t).

Taking for granted that the static yield stress I., we have deterninied is a significant
variable characterizing the behaviour of' ER fluids, we can correlete it with other
parameters. Fig. 6 shows that "os increases as the function of' tile volume fraction. It is
diflicult to extract a defihite law from tihe few points plotted on Fig. 0. Let us remark ,hat
these results appear to 1e consistent with previous mlleasuremenlts1 3.15

The correlation with the applied field E is more intcristing. From Fig. 7 theie appear
two well define regimes . f61r 1-< I kV/ntnt, %, exhibits tile classical quadratic dependence
on E, at high field values (E > 1 5 kV/ntm) conversely the dependence tends to be linear, a
feature already pointed out by Sprecher et al 7 If we assume, as was done usually in the
case of quadratic law, that tile iacroscopic propc tics depending mainly of tite particle-
particle interaction have tile same variat i laws as the partie, hIar attraction lorce between
particles, we deduce from the yield stress measurcmeints that this attraction force should
vary linearly on E for >- 1.5 kV/mm l'his is consistent wv tii a prediction of a cond, ctiont
model for sphere-sphere interaction in 1) C ficids. One necessary condition 1 o the model
is clearl y ullfilled here t tie solid phase whic consists 5of particles of' Inicrocrystalline
cellulose cuntaining about 6 % of water has a conductivity which is orders of' magnitude
higher than the carrying liquid: a clear indication is obtained when comparing, for the
samie cell and applied voltage (U 3 INV), the current flowing in tie pure liquid ( 0 1 PtA,
Fig 3) with that in the FR ild (- 2 S pA. l:ig I1)

4. f)ynamic yield stress

Most oflen tihe shear stress -c measured at decreasing shear rate j is lower ttali that
measured at increasing shear iate This hysteresis explains why thet e are two yield stresses.
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Fig. 7. Dependeacc oW the static yield stress "cos on electric ficld E for various values of volume fraction .
The curves show a quadratic dependence on E at low ficlds and a linear dependence at high ficlos.



366

737 Cellulose / Mineral oil E:4 kV/mm

-b -0.3
590 I=261C -- 3

442

S295
2

1.5

147

a 188 2zo 30b 460 5a

Shear rate (1/s)

Fig. 8 Variation of the shCal strCss T as a funIC1tion of decreasing shear rate - under shear rate-control
mode tdi/dt = 5 s-2) for various values of electric field E.

dynamic and static Fig. 8 shows the variation of v as a function of y, measured at
decreasing i. The curves obtained are far from being straight lines and the determination
of cod , as defined in § 2.1, is not straightforward. The results presented in Figs. 9 and 10
have been obtained in the following way the shear rate is varied by regular steps and
maintained constant during 5 seconds. There are first 20 levels for j which passes friom 0
to 500 ;-1 followed by 20 levels for the decrease ofy (see the time variation of y in Fig.
I1). The shear stress T is measured at the end of each step just before tile next jump of '
The Bingham model has been applied to the stress values corresponding to y ranging fiom
20 s 1 to 200 s1 and "r d is the intersection of the straight line with the - axis. The dynamic
yield stresses thus obtained are lower than the static yield stresses by a factor of 1.5 to 2.5
(see Fig. 5). The dependence of "cod on the volume flraction 0 (1ig 9) is very similar to
that found for -co, (see Fig. 6). The variations of Tod as a fa'nction of the applied field E
(Fig. 10) exhibits the two regimes - quadratic and linear - already obtained for the static
yield stress (see Fig. 7) As a conclusion, the results on dynamic yield stress confirm the
observations on static yield stress.

S. Current measurements

The conduction model proposed recently for explaining tle FR ellhct1" establishes
that, in D.C. conditions, this effect can occur only when thi conductivity of the solid
particles is greater than that of the liquid. In the Iluid we used, the solid phase consists in
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Fig. 11. Dependencc of the current flowing through the ER fluid oil the shear rate I at volunte fraction
0.25 and temperature 27'C, with increasing electric field : (a) E = 0.5 kV/mWn, (b) E - kV/mm. (c) E
1.5 kV/nn. (d) E =2 kV/min, (e) E = 3 kVfnin.

cellulose containing about 6 % of water, its conductivity is several orders of magnitude
higher than that of the mineral oil. As concerns the conductivity of the ER fluid itself, we
can give the following naive picture : when the particles are randomly dispersed, the
apparent conductivity is controlled by the liquid phase and should remain low, if we
assume a structuration of the particles in fibers bridging the two electrodes, the current
flows mainly through the fibers and the apparent conductivity is substantially enhanced.

This pictue allows to explain qualitativily the variations of the current flowing through
the ER fluid as a function ot time during a cycle : j passes from 0 to 500s-I and than to 0
(Fig. 11) For low applied D.C. field (E L I kV/mm) there is a marked difference (ra~i'.
>2) for the current between low and high shear sates, the transition is at 1 100 s't for

S. ................ ....... ...... .... ....... ... ...
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E=0.5 kV/nmn (Fig. I I-a) and at y- 200 s1 for E=I kV/nmm (Fig. t1l-b). For higher fields,
the variation becomes lower and lower as E is increased (Fig. I l-c,d,c). The structure in
the fluid depends on the competition between hydrodynamic and electric forces17 . At low
enough fields, the attraction force between particles is moderate and zhe elcctroviscous
time tcv="T/eE 2 characterizing the dynamics of particle-panicle interaction takes rather
high values; in these conditions, we can expect the hydrodynamic fbices to be dominant
and thle "fibers" presumably to have a short "mean length"; in this rather dispersed state
the current take low values. At high applied fields, it is the converse, tev takes low values,
the attraction force is stronger and the electric effects become dominant; we can expect a
well characterized structuration. the fibers existing during a high fraction of the time. In
this case the current flowing through the fibers should be only slightly altered.

6. Conclusion

The main result obtained in this study of the particular ER fluid (moist cellulose in
mineral oil) -s the occurrence of two regimes of variation of the yield stresses as a function
of the applied field E. The quadratic law fbr low field values and the linear one for high
fields are very similar to those characteri2ing tile attraction between two large spheres
immersed in mineral oil. The transition fields Et between both iegimnes take values which
are not drastically different: Et = 0. 1 to 0 4 kV/mm for large spheres depending on the
ratio of solid and liquid conductivities, Et 0. kV/mm in our case (From Fig. 7).

The second significant result to point out is the correlation between the current
flowing through th- ER fluid and th-: structuration of the medium. The measurements
clearly show that the curreot passes preverentially through the "fibers". This fact
underlines that the conductance of the solid particles cannot be neglected.

This j.relimirnary study strviglv supports the concept of conduction pr(,perties of both
phases playing the major role in the ER cfezct under D C. conditions. The conduiction
model tested on large wcale spheres qualitatively accounts for the yield stresses
dependence on E and work both experimental and theoretical has te be pursued in order
to obtain more quantitative tests.
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ABSTRACT

Some asipcts of electro-strcss and electron-hydraulic timc delay in an clcctro-
rheological fluid arc examined for their dependence on the volumc fraction of solid in
the mixture. Early results show that the density matching of the solid and liquid phases
of an ERF brings little improvenient in the serviceability of a suspension. Subsequeant
testing is based on non density matched mnixtures which are examined over a range of 0
< shear rate - 19000s-1. 15 < temperature *C < 50 and 2C S % volume fraction of
solid _< 40%. The effect of prolonged operation on the durability of the fluid is also
reported. The results arc used to provide pointers towards flu'd selection, a control
strategy and to help in the determination of operating parameters in order to optinlise
clutch performance. Testing took place on a conccntric clutch (Couctte) type apparatus
which had an electrode separation of 0.5 mm.

I. Introduction

To date the analysis of run up to speed time (t**mn + t*1m) for an LR clutch has
be.,; based on the assumptions that the electron-mechanical time delay (t*,,m) is relatively
short, that the eflect of any driving torque created within that duration has an insignificant
effIct on the pr-edition of driven rotor speed versus time, that parasitic stresses are small
and that the elet tro-torque Te is reasonably uniform during the subsequent (constant rate
of) ac"eieration i'ie,. duration oft*-" can then be detcriitited from Te = I c.. llowevcr.
the requirement fb. mot substantial fluid electro-stress "te and the quest for rotational
stability of the -R mixtuie under centrifugal loading has fuelled an investigation into the
effects of volurme k zncentrationi of solid on these precepts and its density matching There
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exists also a need to investigate the properties of high concentration (%C) fluid at high

shear rates (k').

in the present paper, following brie" tests to determine the effect of matching the
density of solid and liquid phases, the effect of varying solid concentration is examined in
shear, for its effect on the form of ERF response. Both the time reý,,onse and short term
'steady state' are monitored for a wide range of shear rates, fluid temperatures (0) and
step input electric field strengths (E). At the same time, the opportunity is taken to
monitor the effects of %C on the near static yield stress as an indication of the hysteretic
performance of the fluid and also to throw light on which parameter to use for the control
of torque in a device - voltage or current i, temperature, voltage step magnitude V and
shear rate are important interrelated parameters.

For simplicity and ease of analysis the concentric clutch device was ,elected as the
test instrument. Details of this and its supply and instrumentation systems are given
elsewhere 1. Essentially the apparatus is as shown in Figs. 1.

t1 , l Ii hoirj I !;it l T srIjcou teel)
13 Faql I IlII q n Tlherlll• lllotOUp)le S) I I[1 inqlt:%

C 1OtLlLo licipber (Gldts llelnLarced Nyloil)
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I. 11,1h Voltage s1i p-Rling
G I,:lec'tro -lheoloqlcal PllFid
II - Vitm,, Lip Seal.
J - Nylon 1linert

XYZ - "lnerwocouple PosltolI•

Figure la Cross section of test ER clutch.
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Figure lb Schermatic layout of thi cxpenimctntal apparatus.

The micans of torque measurement used involves numerical work using tile transfer
function of a relatively low natural frequency torque transducer system and the leading
from this transducer, in order to estimate the absolute time response of the electro-torque
to a step switch on of voltage/clectric field strength. The assumption that the performance
on switch off is similar to that of switch on is substantiated in2 . It is to be noted that the
transformed event, though fast, may include some effect of (be slowed by) tile response
characteristics of the rest of the connected test rig.

All time domain tests are carried out in the same fashion. The clutch input rotor is
run at a steady speed and the torque is measured on the stationary output rotor, results
gathering being triggered by the ongoing step voltage The electro-torque is the difference
between the zero volts and volts on torque. This and other parameters are defined in Figs.
2a. and 2b. In most tests the fluid temperature is nominally 30'C. In the centrifuging
tests, between monitoring events the clutch rotors are locked together for prolonged
periods of high speed rinning

In previous tests3 the polarity of the excitation has been seen not to be an
important factor in respect of any change of fluid behaviour under its endurance of electric
field and rotation. The inner rotor is therefore always at -ve 1-it with tile outer rotor
earthed. Some verification of tile test procedure is provided by the closeness of the low
shear rate steady state test results to the fluid manufacturers calibrations. With the
confirmation of a near continuum approach to the design of a clutch for one fluid 4 , tile
suitability of different fluids for clutch application comes into focus.
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2. Ttst Results and Comments

2. 1 Separlmion and I)ensity Malching

Torque is transmitted by an ER clutch principally due to tile excess stress brought
about by the application of an electrical field across an ER fluid Clearly, for consistent
operation of the clutch the composition of the fluid, particularly within the active region
between the electrodes must not be excessively affected by the operating conditions
experienced by the clutch. Previous work 3, in which a non-density matched fluid was
used, had indicated that the concentration of particles within the fluid was influenced by
the running conditions to which the clutch was subjected. Some particles were
centrifuged out into regiots of high centripetal acceleration, electric field gradient and low
shear rate (into recesses located near thle shoulders of the inner rotor) thus leading to a
change of concentration of active particles within the fluid

In an attempt to overcome this Ili oblem, the production of a 'density matched fluid'
was commissioned. The base fluid used to carny the suspension of particles is a mixture of
two dielectric liquids of differing specific gravity (silicone oil and Fluorolube), of net
density roughly equal to the density of the suspended active particles at 30'C. The
dispersed phase was lithium polymethaciylate containing 12.5% free water atd particle
size I to 5 tim.

The test procedure was the same as that reported in detail in3  I lowever, the
standard step test was modified. The applied voltage fur the standard step tests (see Fig.
2a.) is normally lOO0v. This gave an initial value of FiR torque (J) of 0 38 Nm for the
unmatched fluid used in the previous test programume which also set h at 0.5 mim, whereas,
for the density matched fluid, the equivalent value of ER torque when exited at I 000v was
0.10 Nm. It was thus decided to use an excitation voltage of 1500v for the density
matched fluid so as to give an EA torque value closer to that obtained previously. This
gave an initial average value of El torque of 0.23 Nut. In order to be able to compare the
performance of the two fluids, the subsequent values of torque after centrifiuging weie
normalised with respect to their initial values. Note that the initial value of zero volts
torque Tof for the unmatched fluid was 0.67 Nm whereas the value for the density
matched fluid was 0.40 Nm. The volume fiaction of the dispersed phase was 30% for
both fluids

Fig 3 shows the normalised values or Te durived fiom the standard step lests for
both the density matched fluid and the unmatched fluid taken at intermittent stages
throughout the centrifuging period. For both fluids the level of ER torque increased
during the first 60 minutes of accumulated centrifuge time The transformed value t*nl1 ,

the electronic to shear stress time delay remained within 2C:Ols of I ms throughout, for
both fluids. Since t*e << t*m (Figs 2a and 2b) this apparently limiting condition is unlikely
to be imposed by the source of excitation. It is higher than the likely polarisation time.
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Figure 4 shows the values of Te before normalisation for both fluids The level of Tel also
increased initially and then fluctuated about a steady mean, tee Fig 5

When the clutch was siripped down after 12 hours of accumulated centrifuge time
it was found that some of the particles had separated out in the regions X and Y of Figure
I a, as with the unmatched fluid In both cases the annular cavity had been blocked off
before operation commenced However, the shoulders of the inner rotou though smtotiothed
off still presented relatively sharp (electrical) edges and high local field gradients would be
present in the viuinity ol the accumulations
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In lFigs 7 a, b, c, data is given for 20, 30 and 40% C volume fraction fluids
resp)ectivel, At high shear rates the electro-stiess is seen to continue to fall but, at a rate
which ik less severe than at lower shear rates Fig 8 shows the same data normalised on

thc y i)SOOs-l iesults Ior the 1800V excitation. TI zero volts torques (seal friction

pvcvents conversion to shear stress values) for the various volume fractions is shown in Fig

I The definitions of Tof is given in Fig 2a Ar high ,' the rate of fall off of 1, seems
independent oft %C The low shear rate results indicate a potentially severe hysteretic
tendency at 40%C I lowever, the result is not conclusive. Comparative manufacturers
data adds confidence to the results.
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In previous workk( it his belen sn'wnl that Fil valve flow t* " is dependallF oil ,

and to a lesse- extent on tl~e magnitude of the applied voltage step .1 valve tests conducted

at 30(i"C' and 30% volume tfactuon, and is similar when switching excitation) "I and oil' In

Table I these trends are confirmed in the clutch Im: 20 ) %(' • 40 Soomc slight lack of'

rel.eatability was encountei ed in the tests Flou which the tables are drawn and average

values are given The eft'ct of%/( is seen not to greatv eflect t*m at high shear late or,
at least not within the accuracy of the tests

The results for the eftect of fluid temperature on *1m are again susceptibte to cmror

- in the precise control of temperature I towcver, despite the lack of comprehensive data

sonic reduction in t*m is always evident as the temperature increases Table 2, shear rate is

the dominant factor here
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Table I Valics of Pill (ins) U 30'C
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Table 3 Values of t**c (ms) at 30'C
for diffcrcnt volume fraction fluids over a rangc of clectrical excitation and motor speed
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The data in Table 3 shows how t**e (as measured from the test record) varies

with %C. excitation voltage and k'. The results arc somcwhat arbitrary because of the

difficulty of judging thec termination of the overshoot process. Nevertheless , it can be seen
that t**e is reduced at high shear rates whilst it decreases with the magnitude of thle
voltage step. The results are in sympathy with valve electrical chiaracterisations 7. The
effect of %C on t**e in the present tests is not significant or, inconclusive.

In the valve tests7 thle extent Of t**e was found to be closely related to thle
electrical time constant (r x c) of thle model shown in figure 10. This factor is also secnl (in
Table 4) to be reduced as the temperature increases in Table 4 and is consistent with
increased conductivity. Separate values of r and c have not yet been determined.
Capacitance is generally accepted to have but a secondary dependence onl temperature
Data already published4 shows that r x c does not vary much with h at constant

temperature for given Ei and 5.Throughout the range of the tests reported in this paper
t*, varies within less than lO0ps This may yet be seen to be dependent on the power

Supply

lo It cHkiwiooia cm

It is well known that ic i., d ependant (in I: (and )I scco ndaiilv). Y and tlinid
temlper at urek" ngI I I 1 his makes it S p~iecs con! ol hK volt age dim 'cult' In tlli s
%ect ion, thle possihi litl III Contr ol [IV CLuIC; InS X4amin1ed

InI ligs 1 2c, 1 Iilad c the %teady state cuitents drawn pci uinit of iotoi surfice arear
(a% detinled IIn h-g 2 h) arc Qlsown for Line te riper atom e (3()"C) It wilt lie no t ed t hat tile
isotlitiiemat cur i ct and ic coives 0 Iigs 7a. 1) and c ) have the same liiend iii var rat ion IvithI

sheai rate and volume fraction, as wecll as voltage [hei data is nrioralised to ire vallues at
9500) s- shear rate in Fig 13, for dit ange of sheai rates at uric tenilerattirre, 3t(Y
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for different volume fraction fluids at 301C and 1.8 kV excitation.

In figure 14 the current is seen to rise with temperature as does the torque in Fig
15. Current rises against volts in Fig 16 but, in Figs 17 it is seen that Te cannot be fixed
by current alone. A significant derivative from these tests (Figs 14-17, at %C = 30) is
shown in Fig 18. This result not only confirms that advantage accruing to t*m in

operating at high temperature but shows that , need not be a factor in torque control
provided the temperature is high enough and is kept constant. Operating at higher
temperatures will also tend to reduce t*m.

l .,b
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3 Discussions

There are stated limitations on the accuracy of the measurci ;ents recorded in this
paper. Nevetlheless the main trends in performance at . repeatable ard cstablLhed.

A running in period on a new fluid seems to improve its ce capacity. Beyond this
there is little to choose with respect to density matched and rton density matched fluid re
their rotational stability and durability.

No catastrophic failure in -ce (as , -4 20,000s-I) is encountered, whatever the %C,

a-"I the gradual aecline of te with 5' can be counteracted when operation is at industrial

operating temperaturcs (circa 50'C in the prcsent fluids). The corresponding level of te is
linked with the effective conductivity yet, current density alone does not control the level
of shear stress.

The values of t** and t*m encountered at significant shear rates are aiways small.
I lente the simple procedure f'or calculating run up speed put forward previously 7 is
validated. Some discretion is called for as -ce is not precisely fixed by E, k and 0 for
different electrode separations 4 and in the present test To was not always insignificant.

Apart from the well known effects of %C (on xe and steady state current) it seems
.., nave little effcct elsewhere save possibly in the levels of'charging current, hysteresis and
elasticity which have yet to be fully investigated An increase in current takes place
whenever T, rises, whatever the value of 00 C. In most respects high F', E and 0
conditions lead to optimal catch performance.
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4. Conclusions

The percentage concentration of solid in a fluid seems to have little effect on most
of the time dependant properties cf an ERF in the shear mode. This statement is derived
from tests performed on one fluid in a cylindrical viscometer operating at only one value of
electrodi, separation. It must therefore be treated with caution.

This position seems, from valve tests, on an admittedly weaker fluid (%C = 20%),
where the short-term time response delays recorded were much larger than in the fluid
used in the present tests, that the effect of a higher %C (30) fluid made from the same
constituents showed a dramatic improvement in t*m 6. Only when different electrode
separations are used in the Couette rig will the basis for strong arguments about the
explanations for th~s be established (continuum properties of ERF vis a vis flow field
effects). These and further results may then throw light on the different time response
properties of valve (flow mode) and clutch (shear mode) situations that apparently accnie
for the same fluid 2,6.

From what data is made available from the tests in a clutch, there is a case for
moving to higher %C (circa 40%); this hardly affects t*m yet, "re enjoys a well-known
increase as %C is raised. However, as %C rises so does zero volts viscosity and, if the
inter electrode gap h has to be increased in order to control To, the ensuing fall in j, (foir
the same slip speed) may impair the operating t*m. Fortunately, at higher temperature
levels (circa 50'C) there may be some alleviation of the problem sin,c 'e at that condition
hardly falls with '.

The long term performance of the fluid seems to be little improved by density
matching. Again this result must be qualified. Like the short term time domain results,
though tested over a wide range of ', 6, %C and E, the geometrical situation was fixed.

The steady state control problem is not clear cut. Voltage or current alone will not
suffice 0 . A more considered approach will be needed.
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A effectnte surface arca ofit rotou rDT

%C volume fraction ol solid in ERF

D nominal diameter of clutch

ERF electro-theological fluid

E field strength V/h

h inter electrode spacing

- electric current

1 - driven rotor inertia

c - capacitance

? - nominal length of excited rotor surface

R, r resistances

t time

t*m electron- hydraulic time delay

t**m approximate time in acceleration

t*e current rise time

t** approximate duration of surge current

T - torque measured on meter

V - magnitude of voltage step

OL constant rate of acceleration of driven rotor

* - shear rate (tD/2h)

"T shear stress

0 temperature of ER fluid

w rotational speed of clutch outer rotor

suffixes

f due to parasitic friction

e due to electric field application

0 due to zero volts fluid friction

R - resistive current

c - charging current



392

Refrcercs

I W A JBullough. R i~iruuzan, A R Johnson A I I SiwAkia J Makin and X Shi. I'mo
I.k hm. L ech'i. W~ (1991) Papei ('414/070

2 W A IBullough, P. Fioootian, A R Johnumo. A HI Siataki, J liakin and S Xiau.
A-f e'hallIrMI SI-.¶hrnA l~~~''n.Vol. No. 4, (1 942) pp) I I S11

3 A R Johnson, W A IBullough, J Makiv, A 11 Sianaki. S Xiao and R Firoozian To
be published VOW .Inteln. Afaill. AhqA wid Siruciurv.%, ( 1993), 'Fluid D)urability in
a I igh Speed Eidectro-Rheological Catch'

4 A llosseini-Sianaki, W A EBullough. R I~uoozian, J1 Makin, A R Johnmson and S'
Xiao. i'ro AL'U4wUrO 9.', Hremt'n, VDL/E; (Curman As'smciatiun of 1-lnging-rs),
(19 92 )1)p 118-M2

S W A flullough. I'roc 2td l /it (ouf 1-.RI- Lauid. Ral&igh, Nortrh ( arolma, (1989)
pp 115-123, ('Technumie Pcublishinig (o( 1990)

D J) Peel and W A Bulluugh, .in. havi Atudi. Yvvieim.. and S11rutiuues. Vol 4. No. 1,
( 1993) Pp 54-04

7. M Whittle, R Fuioziav, 1) J Peel and W A lBullough, Jul. Modx. i'h.. i (1991)
PP 343-366

8 FEP Filisko, I'm'-. 3rd. jul. ( onf. AR1 l'huid', ( arbandak', Illin~ois (1991) pp. 116-
128, (Technomic Publishing Co 1992)

9. K D Weiss. J D Cail[son and IJ) 1('oultcir .Ini. Intel. M~al. S~ystems and Structure's.
Vol 4. No. 1, (1993) pp 13-34

10. R Firoozian, W A Bullough. A R Johnson, A H Siariaki, J Makin and Xiao Shi.
P1roc. MfechalronP..w (on.o/ Florence (1991) pp 479-487, (iSNTA)



393

ELECTROSTATIC INTERACTIONS FOR PARTICLE
ARRAYS IN ELECTRORHEOLOGICAL FLUIDS: I

CALCULATIONS

Yung-Hui Shih. A. F. Sprecher and H. Conrad
Materials Science & Engineering Department

North Carolina Slate University
Raleigh, NC 27695--7517

ABSThRAC"

A simple effective charge method and the principle of superposition were used
to calculate the total system interaction energy of two-dimensional rectangular
and hexgaonal arrays of particles in electrorheological suspensions. The
calculations gave for static conditions (no shear) that a close-packed hexagonal
aTay of particles was energetically favored over a rectangular array and that for
very dilute suspensions a structure consisting of sepatated single chains was
favored over one consisting of clusters. For shearing and assuming that no
rotation of the polarization vector takes place, no difference in the maximum
force per chain occurred for a two-chain system compared to a single-chain
system in either the rectangular or close-packed hexagonal array. This was also
the case with rotation of the polarization vector in the rectangular array,
although the force was less with rotation compared to without rotation for this
anray. However, in the case of the close-packed hexagonal arrAy with rotation
of the polarization vector there occurred an order of magnitude enhancement of
the maximum force for the two-chain system compared to the single-chain
system. This enhancement is comparable to the ratio of the measured strength
of ER fluids to that predicted for a structure consisting of separated single
chains.

1. Introduction

A characteristic feature of electrorheological (ER) suspensions is the
alignment of the particles into a chain-like or fibril structure along the
applied electric field; see for example Fig. 1. At a low concentration of
particles, the structure consists largely oT single-row chains, whereas at
high concentrations clusters or columns of pardcles span the electrode gap.

The polarization force of interaction between particles in a single-
row chain has been calculated by Chen et ai2 and found to be in reasorfaoje
accord with that measured on a chain of humidified glass beads in silicone
oil-. However, the measured shear strength of some common ER fluids is
about an order of magnitude larger than that predicted based on the forces
between particles in single chains 16. The difference between the measured
and predicted strength was attributed to the fact that in these ER
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(f) 400um

40 O.u m

(d)

Fig. 1 Particle arrangements in a model ER suspension consisting of 27 urm dia. glass
beads in silicone oil subjected to an electric field E = 1 kV/mm: (a) dilute
suspension and (b concentrated suspension. From Conrad Ut al [11.



suspensions the fibril structure consists of columns or clutSrs of particles
spanning the electrode gap rather than single chains"',. With such
columns, contact between neighboring particles is maintained longer during
shear than in the case of particles in a single chain. Since the force oT
interaction between particles decreases rapidly with their separation, the
columnar structure would thus have a higher resistance to shear than would
be the case for a structure consisting of separated, single chains. Support
for this idea was provided by the conrpntration dependence of the flow
stress of zeolite/mineral oil dispersions',3. At low concentrations, where a
single chain structure was prevalent, there occurred good agreement
between the predicted and measured stress. The measured stress howeverbccame increasingly larger than that predicted for single chains as the
volume fraction ot particles was increased and the partIcles clustered to
form a columnar structure.

The observed increase in strength with change in particle
arrangement is in contrast to the calculations by Kraynik et a1, which
indicate that the strength of a double chain is less than that of two single
chains. The present calculations were therefore undertaken to examine
further the interaction energy and force between particles in multiple
chains compared to single-row chains in ER fluids.

2. Approach

"To simplify the calculations, an effective charge method is employed
to calculate the interaction energy U of a two-dimensional system
containing particles suspended in a dielectric liquid and subjected to an
electric field. If there are infinite particles per chain and infinite chains in
a two-dimensional periodic space lattice, every particle will have the same
polarization, because all of the particles are equivalent in the periodic
lattice. -Te charge distribution in every particle can then be represented
by two effective charges +% and -q separated by a distance 2h as shown in
Mg. 2. The relationshlips between the effective charge q and the electric

++ q

S+E 2h'

' q

Fig. 2 Schematic of the charge distribution: (a) actual charge distribution and (b)
effective charge representation.
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field E and the relative permittivities of the particles K and of the fluid Kf
are ignored in the present calculations. Thus, althouglfthe present method
can not give the magnitude of the strength of an ER fluid in terms of E,
K and Kf, it can proiide an estimate of the relative effects of different
stYuctures on the strength.

The following assumptions are made regarding the calculations:

a. The particles are spherical and are all of the same size.
b. The electrostatic interaction is the dominant interaction, i e. all

other interactions are neglected.
c. Polarization is the same in every particle of an array.
d. Complete and perfectly straight chains of particles span the

electrode gap.
c. When the array is sheared, this is so .low that a static or quasi-

static state exists.
f. The separation of the particles during shearing is the same for all

particles.
Two arrangements of the particles in two-dimensional space are
considered namely a rectangular array and a close-packed hexagonal
array; see Pig. 3.

Since every sphere h"s two effective charges +q and -q, which are
separated by the distance 2h, the total system interacuon energy U of the
two-dimensional space is calculated employing the principle of
superposition, which gives

U I � I .q
i j(( i i j )i CD

O•(t) 0) (0) (0 (70 0) (t) t Q) f C(I) C D) ct
0"(1.( ) 0-) (D(D t, C (t) )
0 0) (t) (0 (t) ( o (9 .f ,D(t

Fig. 3 S'c-matic of two-dimensional particle arrays: (a) rectangular array and (b)

close-packed hexagonal array.
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where U- and dii are respectively the system interaction energy and the
distance betweeNi any two effective charges qj and q-. Here e is the
pcrmittivity of the dielectric liquid. For example, if a rictangular array
is considered, calculation is started from a single chain. Then the
interactions between chains are considered. Assuming that N is the number
of particles per chain and S the number of chains, the total system
interaction energy for a single chain Ua that has 2N total effective charges
can be written as

Us = U 2 1  (U31 + U3 2) + (U4 1 + U42 + U43 ) + ........

+ (U2N.1 + U2N.2 + U2N,3 . ...... + U2N,2N-_)

_ -i __ (2)

i-2 ji 1 V

By using the same procedure, the interaction energy between two
chains Ub can be derived as a function of N, R, W, q? 2h. Here R
represents the distance between the centers of two neighboring particles in
the same chain and W is the separation between the center lines of two
neighboring chains- see Fig. 3. The general expression of the system
interaction energy tor a two-dimensional particle array with N particles
per chain and S chains can thus be divided into two components. The first
is due to the interaction of the single chain itself U and the second is the
interaction of any two chains in the array Ub. Therefore, the general
expression for the total system interaction energy of a two-dimensional
particle array is

U = S U. + (S-1) Ub (W) + (S-2) Ub (2W) + (S-3) Ub (3W)

+ ...... + 3 Ub [(S-3)W] + 2 Ub [(S-2)W] + Ub [(S-1)W]
S-1

= S U. + , (S-i) Ub (iW) (3)
i-i

For example, the normalized interaction energy of a single chain Ua is
2 N-1

U.i(8--L = -NX+ (N-i) (24v- 2h ib - _b+1 - b

The normalized interaction energy of any two chains Ub in the
rectan~gW3.- array is
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q2 N- 1i

Ub(mW) / (-9F) 2

i.o k-i-(N-1) 21m2c2 +k b , m2c +(kb+l)

--.-- - (5)m c + (mkeb-1)l

where the constants b and c are the ratios of R/2h and W/2h, respectively,
and m is a dummy index number. Thus, the total normalized system
interaction energy for a two-dimensiooral rectangular array is finally

U/(- -SN+S (N-i) (

4ar -2h ib ib + 1 -- I)i,-i

S-1 N- i

+ (S -r no 1 _

rn, i,0 k-j-(N-l) !2C2+k2b 2 /r2C2•2(kb4l1)

_1 (6)

m2 c 2+(kb-1)2

The interaction energy for a two-dimensional hexagonal arra is
more complicated, but the calculation procedure is the same. he
expression of the total normalized system interaction energy for a
hexagonal array is

2 N-i
U / (- qN- (2 1 1

41m -2h i2 ib+1 ib-I
i-I

IS] N- I i
+ 1 1 : (S -rn) {2

im-i1.odd i-0 k-i-(N-1 ii m2 c2-s(k -- )2b2

1 1

m c2+ [(k - -)+ mbc2+ [(k - 2) b - 1

Is] N-i i
X", V V ( - 2

mr 2. even i-0 k-i-(N- 1) n 2c + k b

1 1 (7)
2M22 21)2

m~2 (kb + 1 c (kb -1
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Here [S] means the maximum integer which is small or equal to the chain
number S and is dependent on the odd or even restriction of the dummy
index.

Theoretically, it is necessary to input infinite numbers for N and S in
order to satisfy the assumption of equal polarization for every particle in
the array, but this is impossible for the calculation. If only a comparison
of particle arrays in ER fluids is considered, finite numbers of N and S can
be used to obtain the same properties as would be calculated from large
numbers of N and S. Choosing large numbers of N and S will only change
the scale; the trend would not be changed. Therefore, it is reasonable to
assume finite number of N and S for the comparison of particle arrays of
ER fluids.

In calculating the system interaction energy of particle arrays, N and
S are fixed to satisfy particle conservation and only the particle arrays are
changed. If a particle array is sheared, the shear force required to shear
the particle array is obtained from the derivative of the total system
interaction energy U with respect to shear strain y.

F = 1 _(8)" dy

F is thus a function of shear strain y. The gap length of the two electrodes
L is used to keep the units consistent. [n the following, normalized
quantities are used, including normalized interaction energy and
normalized shear force, which are written as

LT/ ( 1_ qSZ Fl q12-
4ne 2h 4nE 2Lh

3. Results

3.1 Static Particle Arrays (No Shear)

The arrangements of particles shown in Fig. 1 can be classified into
two general types: (a) single chain structure iii dilute suspensions and (b)
columns or -lusters of chains in concentrated suspensions. Let us first
consider static chain groupings in very dilute ER suspensions. Possible
groupings are illustrated schematically in Fig. 4. For the calculations
pertaining to theseroupings we will assume that there are 20 particles per
chain and a total of32 chans in a very large two-dimensional space. The
number of chains per grouping or bundle is chosen to be 1, 2, 4, 8 16 and
32. in view of the large two-di.mensional space, the interactions between
bundles can be neglected.

The results of the calculations for very dilute suspensions are
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Fig. 4 Schematic of possible chain groupings in very dilute ER fluids.

presented in Fig. 5. It is here seen that the interaction energyis nearly the
same for the rectangular and the hexagonal arrays and that the lowest
interaction energy for both arrays occurs when the number of chains per
bundle is one. Thus, in very dilute ER suspensions the most stable
structure is predicted to consist of separated single chains, in accord with
what is observed in actual ER suspensions.

For concentrated static suspensions we assume that the particles are
arranged in either the rectangular or close-packed hexagonal array shown
in Fig. 3 and calculate the resulting interaction energies. The results (Fig.
6) reveal that for the same separation parameters, the hexagonal array has
a lower interaction energy and thus is more stAble than tb'e rectangular
array, in accord with calculations by Tao and SunW and Davis .

3.2 Sheared Particle Arrays

Four cases of motion with differing particle arrays and polarization
orientations were considered in calculations pertaining to shearing of the
particle arrays: (a) rectangular array, without polarization rotation (Fig.
),(b) rectangular array wiih polarization vector rotation along the row of

pa.... ,•.cIe 0) , (C ...... t.,. hexagonal array without nolarization
rotation ( g. 9) and (d) close-packed hexagonal array with polarization
rotation (Fig. 10). Shearing of the rectangular array is taken to follow a
rectangular planar motion, whereby the changes in particle position are in
the direction of shear with no change in the direction of the applied electric
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Fig. 5 Normalized interaction energy vs number of chains per cluster in a rectangular
or hexagonal array in very dilute ER suspensions.
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Fig. 6 (a) Normalized interaction energy vs the ratio of the spacing W between
neighboring rows and the separation h of :.he effective charges for rectangular
and hexagonal arrays in concentrated ER suspensions and (b) normalized
interaction energy vs the ratio of the spacing R between particles and the
spacing h of the effective charge for rectangular and hexagonal arrays in
concentratcd ER buspensions.
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Fig. 7 Shear of two-chain rectangular array without polarization rotation.
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Fig. 8 Shear of two-chain rectangil-r array with pclarizAtion rotation.
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Fig. 9 Shear of two-chain hexagonal array without polarization rotation.
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Fig. 10 Shear of two-chain hexagonal array with polarization rotation.
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field. During shearing the hexagonal array it is assumed that the particles
in the second chain move into the space produced during separation of the
particles in the first chain. It is fui-ther assumed that the particles of the
first chain change positions only in the direction of shear, while those of
the second chain move in both the direction of shear and the applied
electric field to maintain a structure of close-packed linkages of the
particles in the two chains.

Taking N as the number of particles per chain, b the ratio R/2h and c
the ratio W/2h, a normalized shear force can be expressed in terms of N, b,
c and shear strain y, using a procedvure similar to the calculation of the
interaction energy for the static condition without shear described above.
The shear force of a two-chain system is considered to consist of two
com ponents: (a) the force due to a single chain itself, Fa and (b) that
resulting from the interaction between the two chains, giving

F = 2F. + Fb (9)

Figs. 11 and 12 present the normalized shear force vs shear strain for the
shearing of one-chain and two-cbotin rectangular systems with, and
without, polarization rotation respectively. Note that for both polarization
conditions, the two-chain system has a maximum force that is essentially
twice that for a single chain, i.e. the strength of the two-chain system is the
same as that of an equivalent number of single chains. However, in each
case the force without polarization rotation is about three times that when
rotation occurs.

The results for shearing the hexagonal array are shown in Figs. 13
and 14. In Fig. 13 it is seen that if no rotation of die polarization vector
occurs, the maximum force for the two-chain system is equal to that for an
equivalent number of single chains, similar to the situation for a
rectangular array, Moreover, the two geometric arrays have the same
maximum force. However, if we allow for rotation of the polarization
vector in the hexagonal array, we see in Fig. 14 that the maximum force
f( r the two-chain system is about 10 times that for an equivalent number of
single chains. This is further shown in Fig. 15, which gives the ratio of the
force per chain for the two-chain system compared to the single-chain
system vs R/h. It is here seen that the force enhancement associated with
the .shearing of the close-packed hexagonal array with polarization rotation
is about an order of magnitude for R/b 2.2. This degree of enhancement
is similar to the ratio of the measured strength or ER fluids to thatpredicted assuming that the structure consists of single chains o

5. Summary and Conclusions

A simple effective charge method and the principle of superpositron
were used to calculate the total system interaction energy of two-
dimensional arrays of particles in ER suspensions. The calcu1 ations gave
the following results:

a~ll
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Fig. 11 Normalized shear force vs shear strain for a rectangular array without
polarimation rotation: (a) one-chain system and (b) two-chain system.
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Fig. 12 Normalized shear force vs shear strain for a rectangular array with polarization
rotation: (a) one-chain syste, and (b) two-chain system.
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Fig. 13 Normalized shear force vs shear strain for hexagonal close-packed
array without polarization rotation: (a) one-chain system and (b) two-chain
system.
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Fig. 14 Normalized shear force vs shear strain for hexagonal close-packedl array with
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Fig. 15 The siiear force enhancement factor vs the ratio of spacing R between particles

and spacing h between effective charges for shearing of ihe close-packed
hexagon-I array with polarization rotation.

1) Static Conditions (No Shear)

a, For very dilute suspensions, the energy of separated single
chains is less than that of a cluster of the same number of chains.

b. For high concentrations, the interaction energy of a close-
packed hexagonal array is lower than that of a rectangular
array.

2) Upon Shearing

a. No difference in the maximum shear force per chain occurTed
for a two-chain system compared to a single-chain_ system in
either a rectangular or a close-packed hexagonal array of
particles when the polarization vector does not rotate during the
shear. This was also the case when rotation of the polarization
vector occurred in the rectangular array; however, for this
array the maximum force with polarization rotation was only
about 1/3 that without rotation for both the single-chain and the
two-chain systems.
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b. With rotation of the polarization vector in the close-packed
hexagonal array, there occurred an order of magnitude
enhancement of the maximum force of a two-chain system
compared to a single-chain system. This is comparable to the
enhancement found for the measured strength of ER fluids
compared to theoretical predictions based on a single-chain
model.
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ELECTROSTATIC INTE:RACTIONS FOR PARTICLE
ARRAYS IN ELECTRORHYEOLOGICAL FLUIDS: II

MEASU AEMIENTS

Ying Chen and H. Conrad
Materials Science & Engineerng Department

North Carolina State Uriversity
Raleigh, NC 27695-7517

ABSTRACT

The force required to -hear one-, two- and three-chain clusters of 230 p~rn dia.
glass beads in silicone oil was measured. In each case the shear force was
proportional to the shear strain, the proportionality constant increasing with
electric field and number n of chains in the cluster. The derived shear modulus
G also increased with n. An extrapolation of the present results suggests that a
cluster of 4-5 chains would give the stress enhancement factor of 10-20
observed for real ER fluids.

1. Introduction

In the first paper of this seriesI it was pointed out that the measured flow
stress of electrorheological (ER) fluids exceeds by an order of magnitude that
predicted for a fibril structure consisting of separate, sinnle-row chains of the
particles. This has been attributed to the fact that the fibnr structure in real ER
fluids 5ynsists of columns or clusters of chains rather than separated, single-row
chains Z. However, calculations by Kraynik et all indicate that the strength of a
two-row cluster in close-packed arrangement is less than that of a single-row
chain.

"The calculations of the previous paper1 give no difference in shear strength
between a two-row chain cluster in rectangular or close-packed hexagonal array
compared to a single-row chain, providing fhe polarization vector does not rotate
during shear. However, with rotation of the vector an order of magnitude
enhancement of the shear force occurs for the close-packed, two-row array
compared to a single row. No such enhancement occurs for the rectangular
array, even though a rotation of the polarization vector may take place.

The calculations in Refs. I and 4 reveal that the relative strength of clusters
of chains compared to single chains depends on the specific geometric
arrangement of the particles and whether or not rotation of the po-1arization
vector occurs. Experimental measurements are needed to check the results of
these calculations. The objective of the present work was to provide such
measurements.

•'•'°I
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2. Procedure

The apparatus employed here to measure the strength of single chains and
clusters of chains (Fig. 1) was the same as that describ~ed in Ref. 5. A single
chain or cluster of glass beads was established between the two electrodes with
application of an electric field. Shear was imposed by movement of the
rmiicroscope stage. The shear force and displace!ment were determined from the
motion of the pendulum bob. All tests were conducted at room temperature.

The host oil of the ER fluid was as-received Dow Corning 200 silicone oil,
having 50 cs viscosity, 0.973 specific gravity and 2.6 dielectric constant. The
soda-lime glass beads (230 .pm did.) were from Potter Industries and had a
specific gravity of 2.5. Prior" to mixing with the oil, the glass beads were held
for more than Z lays in a 80% relative humidity chamber containing a LiCI-I-10
solution. The purpose of this treatment was to impart to the beads a specific
amount of adsorbed water.

C|HT

Fig. I Schematic of tie force-displucwment measuring system.

-. . .. ... . . ... . . . . .-.. . . . .. -...... ... . .... ... . . . .. . .. . ... . .. . . . .
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Since the force to shear a cluster depends on its configuration, it is important
to characterize the arrangement of particles. In the present experiments we
considered the strength of a single chiain kFig. 2a) a two-row rectangular array
(Fig. 2b) and a three-row cluster (Fig. 3), which is part of a body-centered
tetrazgonal array. In the case of the rectangular array, it was found that the
resuls were reproducible if the structure o the array did not change duringshearing. Occasionally during shearing, the parti•,ies in an adjacent chain s li8
into the gap which opened between the particles in the neighboring chain, leading

eventually to a single chain. In this case, the force to continue shearing decreased
to that ofa single chain, and these results were not included. In all cases care was
taken to avoid sliding of the chain or cluster along either of the electrode
surfaces.

3. Results

The shear force 17 vs .hear strain y for the stable one-, two- and three-row
clusters with d.c. electric fields F of 2 and 3 kV/mm are presented in Fig. 4. It is
seen that within the strain range considered (y < - 0.3) F can be considered to be
proportional to y, the proportionality constant increasing with electric field E and
with number of rows in a cluster. Fig. 5 shows that the strength of a two-row
rectangular cluster is the same for 4 particles in a row as for 3 particles in a row.

I (.:E4-"- ... 6

2Q)2(m) p~ill

Fig. 2 E-xample.s of: (a) single chain and Mb two-raw cluster undergoing shear.• • • .." " ••..,"'1 -- r-- .-' ,I•. • I
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\ II

Fig. 3 Example of three-row cluster.

"The shear modulus G of each cluster was derived from the slopes dl/dy of

the plots in Fig. 4 by taking

G nica2 (I

where n is the number of rows in the cluster and a is the particle radius. A plot
of G vs number of rows (chains) in a cluster is given in Fig.6. To be noted is
that G is of the order of kPa and increases with electric field and with number of
rows in a cluster.

4. Discussion

The present results show that for the confi urations investigated the strength
of a cluster of spherical particles increases with the numbce ot rows. n of chains
comprising the cluster, the effect becomring especially pronounced for n > 2. Of
further note is that the strength of the two-row rectangular array is only slightly
larger than ftt for a single row chain, in reasonable accord witi the calculafion's
by'Shih et all. Also, the measured shear modulus for a single-row chain is in
reasonable accord with values derived from the calculations for a Oagle row by
Chen et al6 , and from those of Bonnecaze and Brady' and Davis -, for an ER
fluid with a regular array of paticles (volume fraction 4 = 0.2 and Kp/Kf = 10).
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80

70 - F=2 kV/lnr. / D=230gtm
60 m7 3-row cluster ..-

o 40 
-(

130 - 2-row cluster
20 0 o

0
10 Single chain

U.0 0.1 0.2 0.3 0.4 0.5

100 . . .. . .

E=d3 kV/bnr=kVm
D=23Opn2.,

3-row cluster

60

~' 402-row cluster (b)

40

0.0 0.1 0.2 0.3 0.4 0.5

Fig. 4 Shear force F vs shear strain y for the three particle arrays: (a) L 2 Mu/im
and (b) E =3 kV/mm.

------ ------- ------------------
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O0 Two-row cluster

51) E=3 kV/mmn
D=230gim

•-40

/a
S30 • 3

S20
ta3 pamlicles/row

10 *• 4 particles/row

.. . .. . . . . . . ..

0.0 0.1 0.2 0.3 0.4 05

60

Two-row cluster
50 L=2kV/Tmm

D=230Wnm

do

30 (a)

S20
m101

10 m 3 particles/row
0 4 particlesrow

0
U.0 0.1 0.2 0.3 0.4 0.5

Fig. 5 Shea- force F vs shear strain y for the two-row cluster with 3 particles per row
and with 4 particles per row: (a) E = 2 kV/mmn and (b) E = 3 kV/mm.
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Since the strength of a cluster increases with number of rows, it is of interest
to estimate the number of rows which would give the stress enhancement factor
of 10-20 found for ER flNiY when compared[with the strength predicted based
on separated single chains - . To obtain some estimate the results in Fig. 6 were
fit to a polynomial and plotted in Fig. 7. Here the force enhancement factor A, =
Gn/C,,_, where n is the number of-rows in the cluster. It is seen in Fig. 7 that
for the present conditions and configurations a stress enhancement of 9-26 would
be obtained with 4-5 rows (chains) per cluster. This number of rows is in accord
with t,`t observed in micrographs of the structure of ER .fltds with =
0,2-0.143,1 ', and where a stress enhancement of 10-20 occurs

7 ,

6 D=230p)ii
6

¢• 4
E=3kV/inm

3

2

--- i =2kV/min

0 I

0 1 2 3 4

Number of rows per cluster
Fig, 6 Shear modulus G vs number of rows per cluster for two values of elecuic field.

5. Summary and Conclusions

Measurements were made of the force required to shear one-, two- and
three-chain clusters. of 230 g.tm dia. glass beads in silicone oil. The results
obtained and conclusions derived therefrom were the following:

1. The shear force was proportional to the shear strain, the proportionality
constant increasing with electric field and number of chamis in the
clustt.r.

2. The shear modulus derived from the force vs displacement
measurements increased with electric field -and number of chains in the
cluster.

3. The measured modulus of the single chain and of the two-row
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30 '

25 E=2kV/mm

U E=3kV/nim

- 20

S15

S10

5 y--0. 2 .

0
0 1 2 3 4 5 6

Number of rows per cluster

Fig. 7 Force enhancement factor A. vs number of rows per cluster for E = 2 and 3 kV/mm.
Solid curve is polynomial fit to the data.

rectangular cluster were in reasonable accord with theoretical
predictuons.

4. An extrapolation of the present results indicates that a cluster ,f 4 -5
chains would give the stress enhancement factor of 10-20 observed for
real ER fluids. This number of chains per cluster is in accord with
microscopy observations on ER fluids.
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ABSTRAC.1

An earlier model desc'-ibing the electrical chanictcristics of an eluctrorheological (ER)
val1ve is refined to include the effects of coupling to the pressure resp~onse. Expressions
including additional linear terms in the pressure and time differential of the pressure are
considered and it is found that a single term in the time derivative with a small time
delay is a quite sufficient description of the data on the basis of goodness of fit.

1. Introduction

Electro-Rheological (ER) devices offer extremely rapid response times, these being
often superior to those of the fastest electro-magnetic mechanisms. They can dissipate
relatively little power making them potentially good candidates for interfaces between
computers and hydraulic machines. Nevertheless, some current is drawn, and the control
of these devices and the design of their power supplies requires a detailed understanding
of the response characteristicts. In earlier publicatiors!1 3 we have separately described
the electrical response and pressure response for a series of Electro-Rheological valve
restrictors over a range of dimensions operating at a series of nominally steady flowrates.
The radii of the valves are the same in each case and sufficiently large that the field
between the electrodes is uniform and the system can be treated as a pair of parallel plates
with width b. length I and gap h (Fig. 1). The valve dimensions are detailed in Table 1.

After allowing for the voltage rise time the current response to a voltage step
consists of an effectively instantaneous rise sharp rise followed by a rapid decay with a
time constant - 0.3 ms. This can be ascribed to the initial polarisation of particles and the
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+V

hi

Ii-

Fig. 1. Shnplified valve geoneUy. ER fluid flows at mean velocity U Eq. (14) between plaits length I,
width b, gap h and held at voltage V.

Iabl1. Vidve dinensious: length I, gap h, surface amea A.

VaIwv Uhnni h/in A/Mn
2

A 100 0.5 .0362
B so 0.5 .0181
C I00 1.0 .0362
D 140 0.5 .0507
E 100 0.75 .0362

observed relaxation time compares well with the expected Maxwell-Wagner relaxation
time for this system. The pressure across the valve is related to the yield stress of the ER
fluid3 which is in turn related to the interaction force and thus (according to the widely
accepted model) to the polarisation. The total particle charge is given by the time integral
of the polarisation current and so the pressure initially rises on a comparable timrescale to
the charging process Figs. 2a & b. Underlying this current response is a constant
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o 0.00- 0.004 0,006 0.000 0.01 0.012 0,014 0,016
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1600

1400

2•00

1000
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0 0.002 0.004 0.006 0.006 0.01 0.012 0.014 0.014

It.

Fig. 2. a) Comparison of die current density. i . (I arb. undt, 200 mA m-2)
pressure, P - (1 arb. unit = 10 bar) , d dP/dt .......... (1 arh. unit = 10 Kbars- ),
Tlds data is for valve D opet ated at -1200 V mad a flovirate of 9 lit in-1,.
b) Volt'agc input signal.
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I ~~12 - +

r
v II

Fig. 3. Model circuit for the valve current response. The resistor R is in general a non Ineaz,
time dependcent component characterised by E, EQ and C2 (see Eq. (6)). The resistor r is similarly
chlaracterised by ý. C is the capaciwice.

background related to conduction processes which we have assumed appears
instantaneously, and in addition a slowly relaxibg component with a timeconstant I - 10
ms that is probabiy related to structuand changes in the fluid as it comes to dynamic
equilibrium. This basic electrical response has been described in terms of a simple
electrical circuit Fig. 3 comprising non-linear and time dependent components. Fits to
the electrical response gave rise to consistent parameters and described the basic form.
However, many of the observed curient responses display an oscillatory feature around 3-
4 ms which is evidently mirrored by similar features in the pressure response (Fig. 2a).
We have been able to describe the pressure response empirically in terms of three second
order response functions3 one of which is critically damped or first order the others with
natural frequencies of 150 and 450 Hz. Simulation of the system has shown that the
oscillatory components are effects arising from compression of fluid in the pipes4 . If P(t)
is the response to a step function we can obtain the response to a unit impulse by
difterentiation and then obtain the frequency response by one sided Fourier transform5 .
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P(W) = {dP(t) e t (I)

Transformed in this way the data clearly show the two resonances at -150 and 450 Hz
and these become even more distinct when the data is plotted as a spectral density S P()
= P(w)P*(w) where the asterisk denotes the complex conjugate (Fig. 4). Treated in the

same way the current also shows these peaks and in this work we have attempted to
characterise this coupling.

70 /

60 -

• 20

30

0 200 400 Goo 800 1000 1200 1400 1000 1000 2000

W/Hz

Fig. 4 Comparison of spectral densities obtained for valve A operated at 1200 V and a flowratc of
9 lit min-1. Current I - (I arb. unit = mA2) , Pressure P --- (- arb. unit =bar2 )
and dP/dt .......... (1 arb. unit = 10-7 bar -2).
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0 O.0o0 0.01 0.01o, 0.0oý 0.0203 0.03 0.03

tie

Fig. 5 Pressue (1 arb. unit = bar) - i nd curenat (1 atb. unit = mA)
..... before removal of the gear pwnp ripple.

Retwining now to dte current response to a step input, our model also assuned a
generaliscd conductance * associated with the linearised resistance r in Fig. 3 arid
defined in a similar manner to Eq. (3). At shorter times (0 - 10 ins) * must be
genei alised to a time dependent form to account for the background drift and necessitates
the introduction of two more parameters : E.* associated with the magnitude of the effect
(roughly a third of -*) and T2 is a timeconstant. We shall label the current density
derived from this model iE(t) and in response to a step in the field strength E our
original model2 took tlha form

iE1:0) =(E - Eo)2 [* (i(* -(6)•_C.
i~j~ = (E [ - =exp(-tlt 2) ) + (•*(E -o)t + C*)2] 11(0) (6)

where 1I (t') is the I leavyside step function an.d C* is the linear capacitance reduced by the
valve dimensions

h
C = CA (7)
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2. The Ellectrical Model

2.1 Origintal Form

The circuit in Fig. 3 has been found to account very well for the basic form of the
curreut response in both the time and frequeniy domains2 . For a voltage step input thi:j
cii cuit initially draws a large current tG charge the capacitance C. The current then decays
to a "steady state" determined by R at a rate controlled by C and the smaller resistance r.
Although this circuit can qualitatively iodel the main features of the valve current
respunse we have found that a more general description incorporating pa'amcters
invariant with valve size requires the use of non-linear resistances. In addition, the
detailed form of the initial current decay has been found to be affected by this non-
linearity. Furthermore, after the initial response the current increases slowly to a plateau
and to account for this the main resistor R must be made time dependent. In spite of
these complications, for small biased voltage steps or sinusoidal voltage inputs, linear
resistances can be found that will adequately describe the response for most engineering
purposes.

2.2 Pressure Coupling

We are primarily interested here in the coupling between pressure and current
associated with the features around 150 and 450 l-z. I lowever, we pause briefly to set the
scene by examining the steady state and to establish the magnitude of relationships in this
case. Steady state results show that the current and pressure both increase non-linearly
and monotonically as the applied field increases 2 ,3 . Since tie pressure difference across
an ER valve is proportional to its length I an appropriate measure for this change is

Ai va, • t •(2)

where the current density (current divided by valve area) changes by an amount Ai for a
change in pressure AP. In our previous study2 , steady state mneasurements showed that
above a threshold field Eo, determined from steady state results, the current drawn at long
times (>0.75 s) depends upon the square of the applied field E. For the current density i
this is characterised by a non-linear conductance coefficient E.

i = F*(F - E,)2 17E > Eo (3)

Where the asterisk denotes quantities reduced with respect to, thz valve dimensions.
The relationship between the steady state pressure and current density at constum I lowlate
can then be ciescribed by 3



428

p = pl* + P2 (4) 4)

where pl* and P2* are coefficients. Neglecting the first term the value of Ko for high
field sUtengths is then given approximately by

d i E *
I -T (5)P2

With3 P2* - 10 bar in MV- 2 and 2  - 70 mA MV"2 this gives a steady state value of
the constant as Koss - 7 mA bar-! inI at nominally constant flowrate (there is some
dependence of flow on field due to pump slippage) and changing field. We also find that
for a given field strength an increase in flow rate results in a decrease in the field induced
pressure across the valve and a decrease in the current drawn. For valve A at E 1 2.4 MV
111 . AP is about I bar and Ai is roughly 25 mA m-2 giving a KO value of 2.5 mA bar'I
Un I for changing flow and constant field. In this case it is not possible to say what
portion of the change in current is flowrate or pressure determined.

From Fig. 2 it can be seen that the interference from the pressure response is either
negative or abou, 1800 out of phase with the pressure. The flow to these valves was
supplied by a gear pump and the raw data for these results contains a pressure ripple
caused by engagement and discngagement of the gears. The current also contains this
frequency but again the phase is shifted by a half cycle Fig. 5. This ripple was
unimportant for the low flow rate And because our results are averaged over five
individual steps the cycles sometimes canicel. Where important they were removed from
the data (as in Fig. 2) by fitting a sinusoid at long times and then subtracting a curve with
the samen parameters from the whole response. In the frequency domain it could be seen
that a peak at the pump frequency was removed while not disturbing the remaining shape.
From the parameters obtained with pump frequencies at 156 and 255 Hz (corresponding
to nominal fluid flow rates of 9 and 15 lit rain- 1 respectively) we find the phase
difference 4 = 2.96 ± 0.33 radians and the ratio of awplitudes rationalised by valve
dimensions is K -- 0.97 ± 0.33 mA bar"I m- 1. There was no observable dependence on
frequency. The dynamic coupling constant K I has the same units as steady state constant
K0 but is significantly smaller than either of the values we have obtained for that
constant. In addition the phase angle is near ic radians and if set to zero the best fit
inagnituoe of K1 would he negative. This may indicate that a different mechanism is
operating in the dynamic case.
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For the non linear conductivities the comparable transformation is

-* (5) h

Thc second term in Eq. (6) is unfamiliar because of the non linear nature of the
response. By analogy with the exponential response obtained from the linearised solution
a tine constant -c1 can be defined by

C*
C (9)•1=2ý*(E.Eo)(9

An initial attempt to include the pressure response involves a simnple linear perturbation

described by a coefficient K1 which for our results (assuming zero phase shift) has been

negative

it,(t)= ir (t) + K1 IXP(t) (10)I

where iu(t) is the original model current response. The modified current density iu,(t) is
calculated according to this new model and compared with the observed response for each
valve while the parameters are varied as part of a fitting procedure using a Nelder-Mead 6

routine until the best fit in a least squares sense is obtained.

This modified model gives some improvement in the fit over the original form but
it can be seen from Fig. 2 that the oscillations in the current response are not always
coincident with those in the pressure and the depth of the troughs are also
incommensurate. Furthermore, KI obtained in this way is negative and since the pressure
at long times is always positive this would imply a negative steady state contributiun to
the current. Our examir'.,on of the steady state above found that Ko was positive
whether measured at constant field or constant flow and we found no evidence of a
negative contribution. Alternative or additional contributions to the dynamic response
were therefore sought. Since the pressure response may be described as a sum of three
components 3 it is possible that the current is sensitive to only one or two of them or to
some linear combination. Some improvement in the fit was obtained by using ihis
method. However, more success was enjoyed by including a term in the time differential
of the pressure. This has the effect of shifting the phase of any oscillatory components by
900 and it is also significant that this term makes no contribution at long times

S K L9 dAPi t:i + ,I AP + I d-" "( 1
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The flow input to the system is controlled through the gear pump drive speed

which is maintained constant to within + 0.5% by means of a DC tach/thyristor.

Nevertheless, when the' valve iý itn'ýrgised, fluid compresses in the upstream pipe

(connecting valve to pump) anu decompresses downstream (leading to the reservoir)

resulting in transient changes in flo%,rate thruough the valve. Some compression also

occurs in the valve itself altering the density and contrbuting to the flow change. The

pipes and valve form a coupled srtom which responds in a complicated way 6. However,

these changes are all related to thc pressure through expressions of the form

V dAP
Q c (it (12)

where 53 is the bulk modulus or the reciprocal compressibility and V is the volume of the

component. There is thus scme justification in introducing a differential term. Over the

full range of valves studied, Eq. (11) is generally more successful than Eq. (6) in fitting

the data. However a further improvement is obtained by including a small time delay 8t,

in the differential term giving

i(t)= iE(t) + IAP(t) + K dAP(t+ h)t,1)I 1 ~dt (3

The physical basis for this delay is presently obscure but the in many cases the fir is now

exceptionally good. The inclusion of a time delay in the pressure component did not lead
to any improvement. As we have seen, oscillations in the ctuTent are almost 1800 out of

plhase with the pressure and differentiating the pressure gives - phase shift of 900. The
shortfall is taken up by bt,. Attempts to use the second differential of the pressure (which

shifts the phase by 1800) were not so successful and required the inclusion of a small time
advance in most cases. Having followed this route we found in practice that the term in
the time derivative is quite sufficient and that inclusion of the pressure term is in fact
unnecessary. When included it converges to a relatively large contribution but generally
makes an insignificant improvement according to the least squares criterion indicating
that the fit is overdetermiined. For this reason and in view of the positive rather than
negative pressure coupling coefficient seen at steady state as oudined above we quote
results for K1 = 0 in Table 2 and give for comparison only the mean values obtained for

the full Eq. (13) in Table 3. Since dAP/dt = 0 as t -> c our original estimates of --* aye

undisturbed for K1 = 0 while the inclusion of a pressure term leads. to an interaction with
-*. Examples of the fits obtained are shown in Figs. 6a and 6b. Further details of the
procedure are given below.
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Fig 6. Fit to the current with K1 = 0 (Eq. 13). ExI.e, irnentai data-,
fit-..... coupling tern (K2 /1l) (dAI(t I- Btr• )/dt) ......
a) Valve D operated at -1200 V an~d a flowrate of 9 lit rain.
b) Valve A opera,.d at -1200 V and a flowratc of 15 lit miz-

1
.
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3. Results

Fitting Eq. (13) at the same time as Eq. (6) involves the determination of 8
parameters: 0o,2, *, C*, KI. K2 and 6.h. As we have already discussed, K1 was
later found to be superfluous but the resulting 7 parameters obtained from unconstrained
fits on all valve data were nevertheless rather scattered. The slow background rise in
current has been modelled here as an exponential with time constant -E2 but it probably has
a more complex form. We found that uncertainty in this parameter sometimes interfered
with determination of the fast component and was a major cause of uncertainty in the
other parameters. Unconstrained fitting gave an average value of around 3.5 ms for t 2
and for the results quoted here it has been held constant at that value. This artifice

Table 2 Par'anelers derived from step function analysis Eq. (11) wid K1 = 0: low field 1.2 MV in".
Mean and standard deviation excludes value.s at zero flow rate.

Valve Q I <U> I 2* OI •*/ (II/ C */ -I / K) I sh /
Lit ms1  mA mA mA nFn"1 Ins RAs in ins
min"1 MV-2 MV- 2  MV-2  bar 1

A 0.0 0.0 43.9 7.04 339.1 0.104 0.129 0 -
3.0 0.276 70.2 24.1 306.0 0.17 0.308 822 0.468
9.0 0.828 78.2 36.0 331.5 0.137 0.190 656 0.329
15.0 1.38 - - - -

B 3.0 0.276 68.1 56.6 307.9 0.24 0.44 695 0.229
9.0 0.828 - - -
15.0 1.38

C 3.0 0.138 50.4 34.5 117.0 0.17 0.78 1053 0.225
9.0 0.414 - - - - -
15.0 0.69

D 3.0 0.276
9.0 0.828 55.6 31.8 483.4 0.13 0.18 647 0.225
15.0 1.38 51.0 28.4 296.8 0.113 0.32 369 0.198

E 3.0 0.184 64.1 48.7 195.2 0.22 0.55 1360 0.523
9.0 0.552 - - - -
15.0 0.92 - - - - - -

Mean 62.5 36.7 291.2 0.169 0.40 825 0.314
S.D. i0.5 12.1 114.5 0.047 0.21 321 0.13

-. .--.- - - ----.------.----.---.---.-----.--------.-.-.---.-------..... ... .. ..
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I Pa neters derived from step function analysis Eq. (i1) with KI = (1: ilgh field E = 2.4 MV- Mean and standard deviation excludes values at zero flow rate.

Vadve QI <U>I E-r•I _'t/ 44l. C "/ -I / K-2 I N.
Lit is- 1  

mA mA mA nFm" ills nAs ins
rini" 1  

MV- 2  
MV -

2  
MV- 2  

bar I

A 0.0 0.0 60.35 15.1 201.3 0.13 0.1.34 0
3.0 0.276 72.4 18.4 147.8 0.134 0.321 1048 0.320
9.0 0.828 76.5 22.9 202.3 0.124 0.147 607 0.322
15.0 1.38 84.7 26.0 134.0 0.103 0.213 710 0.345

b 3.0 0.276 67.5 22.9 70.0 0.143 0.493 1698 0.375
9.0 0,828 57.7 14.5 314.8 0.10 0.089 803 0.199
15.0 1.38 49.3 20.2 334 0.144 0.14 608 0.197

C 3.0 0.138 88.6 1.37 183.9 0.09 0.119 917 0.325
9.0 0,414 66.5 11.8 53.5 0.13 0.542 783 0.147
15.0 0.69 60.2 5.49 130.3 0.093 0.159 830 0.219

D 3.0 0.276 61.0 14.6 345.1 0.117 0.078 1239 0.125
9.0 0.828 65.3 22.1 113.9 0.105 0.239 1186 0.337
15.0 1.38 66.3 22.1 450.4 0.092 0.057 996 0.231

E 3.0 0.184 69.3 21.4 98.0 0.119 0.283 1570 0.276
9.0 0.552 62.8 22.7 230.0 0.152 0.162 1012 0.209
15.0 0.92 58.9 21.0 233.4 0.126 0.143 736 0.222

Mean 67.0 17.8 202.8 0.118 0.212 983 0.256
S.D. 10.6 7.0 115.0 0.020 0.144 326 0.077

--Tal, avuq. "-unedforfitsofK1 and K7?-!gq. 13).
q-W" -B'/ 4',, C 'i 'I/ KI / KI .h/

' , / nFm- mHi mA nAs ms
2 MV2 mA I m-1 m-1

__ _2 WMV-2  
ba-l br'l

Mean L.o 94.1T 33.4 322.4 0.131 0.213 - 551 0.149
0.895

S.D. 18.4 10.8 134.2 0.050 0.073 0.18 347 0.099

Mean High 81.1 17.3 254.0 0.089 0.136 - 745 0.219
0.586

S.D. 8.09 6.18 205.8 0.027 0.104 0.17 220 0.078
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considerably improved the grouping of other parameters. The pressure differential was
obtained numerically which is an operation that can generate considerable noise. The
result was therefore further processed using a low pass Butterworth filter with a cuttoff at
1000 Hz before use. Care was taken to ensure that this process did not introduce any
spurious time delay.

The observed current response is of course dependent upon the form of the input
voltage. This is in most cases a good approximation to a step function but includes a
small rise time of around 0.15 ms (Fig. 2b). We have previously shown( 2 ) how to deal
with this strictly in the non-linear regime using a Runge Kutta solution to the differential
equations but the procedure is laborious. Deconvolutioii of the observed response with the
time derivative of the voltage, although not strictly applicable, is probably an acceptable
approximation, but the voltage step is in most cases so near to ideal that we can account
equally well for the imperfection by the incorporation of a small time delay of 0.15ms.
This correction was not included in previous determinations. This and the addition of the
new pressure coupling term has had the effect of reducing the value of ý* in most cases.
The new values of ý* now agree more closely with those obtained previously from data in
the frequency domain. Determination of the electrical constants is also hindered because
the available data was truncated at a preset current value for operational reasons. T1his
means that the maximum current drawn in the initial peak, which is directly related to -,*,
is often unknown. Fitting to the remaining portion of the response does give an estimate
of ý, but the additional pressure contribution sometimes drowned tile available data in
this region making a determination of this parameter difficult or impossible. Some results
in the series have been omitted for this reason. There were also some results (in particular
those for valve C - the widest gap) for which the pressure response is relatively sniooth.
The pressure coupled features in the current response for these traces were consequently
inadequate for a reliable identification of the parameters and these results have also been
omitted. Nevertheless, it is worth noting that good fits to these current responses could N-.
obtained using average parameters derived from the othe: results. Values of al the
parameters obtained are collected in Table 2. They are mostly comparable to those
reported previously2 but changes are discussed below. The estimates of *, where
obtainable, are scattered but consistently higher for the lower field. These are plotted in
Fig. 7 against the mean nominal (i.e. initial) flowrate estimated from

<U>-- = l (14)Ali



I

435

500-
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too- OV 0
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o

0 0.5 1 1.5

<U> Im s-1

Fig 7. * plottetad ag•u•ut dic menu, flow rate <U>.
vadve A , valve B. vqlNe C, valve D, valve E.

L.lpty symbols E = 1.2 MV m1l, filled: E "2.4 MV m"I.

For valve A operating at zero flowrate the peak current was available and these estimates
of * are probably the most reliable. It is not possible to detect any significant flow
dependence of this parameter above the experimental noise and mean values agree
reasonably well with tie z=ro flow determination. In an attempt to overcome the problem
of truncated data, fits were also carried out with 4" pegged at the zero flow value.
I lowever, this did not produce any significant changes or statistical improvement in the
parameters. Mean values obtained in this exercise are presented in Table 4.

The no'w results of this study are values of the parameters K2 . Despite cosiderable
scatter, these bIhavc in a consistent way when plotted against the mean flow rate (Fig. 8)
and, taken together, suggest that there is a small decrease in magnitude as the flow rate
increases. Within the accuracy of this determination these parameters have no clear
dependence on valve dimensions. The mean value of K2 is about i ýLA s m-1 bar-1 .
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Tale 4. Meail val'ues obtained for fits wiLh i held conswuu at the zero Q value.

Field *o/ ý* C 1 'T / Kq/ sh I
- * mA / nFr" ins nA s ins
itnA MV-

2  iA I in, I

MV-
2  MV-

2  ba"
1

Mean Low 64.5 32.6 339.0 0.158 0.29 741 0.304
S.D. 9.9 12.5 0.0 0.050 0.093 271 0.112

Mean Righ 67.1 18.1 201.0 0.11 0.134 1031 0.22
S.D. 10.6 7.2 0.0 0.023 0.04 436 0.083

Results from the pump ripplc analysis gave K1 - 1.0 mA bar"1 in- with a phase shift of
about 180). In the frequency domain multiplication by angular frequency is the same as
taking the tine derivative, hence for pump frequecies between 50 - 250 liz the
equivalent value of K2 is 0.6 - 3.0 p.A s bar-1 m-1. This straddles the values we have
obtained from the time response and iudicate a coin-ion cause.

V S1.5 •

a V 0"w o

A, V

IN 0.5-

0
0 0.5 1 1.5

<U> I m s- 1

Fig. g. Coupling Iuneter] K 2 vs. <U>. Symbols as Fig 7.

4 V..s'
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Despite a huge degree of scatter the time delay bt, appears to be roughly constant
when plotted against mean flowrmte (Fig. 9). The origin of this delay cannot be clearly
ascertained from this study but it is probably related to the time taken for tile new flow
pattern to be established appearing through Q in Bq. (12). We have recently carried out
simulations 4 which suggest a response time of this order for an incompressible fluid.

"The pressure coupling causes some modification in values for the capacitance which
are rather lower than those previously determined as are values of *. Decay times 'C I are
about the same and are generally faster at high field strength (Fig, 10).

0.6-

0.5-

(a 0.4-
S0.3- 

0

0
0

0.1

01
00.5 1 1.5

<U>/m I -I

Fig. 9. Tuite delay &. vs. <U>. Symbols as Fig. 7.

4. Conclusions.

We have demonstrated the existence of a dynamic coupling between pressure
and electrical current in a flowing elect'orheological system. We find that this can be
characterised by a linear term in the time differenda.I of the pressure (Eq. 13) which could
be phenomenologically related to tile changes in the flow rate. Tile inclusion of the term
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in the pressure leads to a negative value of K1 which would be inconsistent with ouw
findings for the steady state that indicate a positive coupling constant. We conclude that
any coupling directly to the ril re is comparatively slow and that for short times K1 =
0.

0.8 -

0.6-

0 0

A
S0.4-
E

V

0.2- 0 V 0 '3V
0: L
0

01 1.5

<U> I m S-1

Fig. 10. Timne constanut TI (Eq. (9)) vs. <U>. Symbols as Fig. 7.

Our findings modify an earlier model 2 for the current response with the addition of
a new tern dependent on the pressure response. New parameters have been obtained for
the range of valves studied. These have been derived under realistic operating conditions
and b-have iil a consistent way. Despite the large degree of scatter they should prove
useful in the design and control of future electrorheological valves. In Table 2 we give the
average values of these quantities for this purpose. A comparison of these results with the
behaviour of valves using different ER fluids would now be a useful extension of thlis
work.

ihe conductivity of ER fluids may depend upon a variety of phenomenla 7 . In the
water containing fluid considered here, charge transport is likely to be mediated by ionic
charge carriers but the conductivity may also be affected by near-wall electrode
processes, characteristics of the interfacial region and impurities ii the dispersing fluid.
In addition, the field induced fibrillated structure8 of the fluid is certain to play an
inpori ant role. Indeed, the square law cunent - voltage characteristics of most fluids are
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most easily, albeit superficially, explained in terms of a conductvity related to some
aspect of the structure that depends linearly upon the field. Pressure and flowrate changes
may affect the transport of electricity either through these structural effects or by
inducing changes in any of the other contributing processes.

We hae shown that the steady state cuirent and pressure are linked and that the
dynanmic current response includes a component that reflects the pressure changes through
the time differential dP/dt. Our evidence suggests that a direct link between the dynamic
pressure P(t) and the current i(t) is less tenable. We have seen that pressure transients can
be linked to transient changes in flowrate and it is difficult on the basis of this experiment
alone to determine which effect is phenomenologically responsible for the coupling.
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Properties of Electrorheological (ER) Fluids

Under Periodic Deformation

W.I. Kordonsky, A. D.Matsepuro, S .A.Demchuk, Z.A.Novikova
Luikov Heat and Mass Transfer linstitute, Academy of Science, Minsk, Belartis

The progress in the overwhelming majority of thle branches of science and technology

is mainly determined by designing new hlost structural materials resistant to vibration,

including composite ones that have thle ability to change their mechanicaL charactcristics in real

time because of the altered operating conditions.

Of late, the considerable efforts of' researchers have beeni uimed at designing composite

materials, including thle so-called "intelligent" fluids. Amiong these are the ER fluids capable of'

sham ply changing their mechanical p~roperties (effective viscosity, elasticity) at electric field for

thle time of anl order of 10-4 s. The possibility to control the viscoplastic ER fluid 1)ropeltics

over a wide range, onl thle one hand, and the simplicity in manufacturing anl electric field

inductor, on the other hand, allow simple and reliable vibration isolation designs containing

Elk fluid domains as at composite clement to he developed. Amoung these is thle so-called

sandwich-clement, whose schematic is shown inl Fig.]1. Such a device is composed of two

flexible electrodes shaped as flat elastic-material plates, with anl Elk fluid-filled gap) inl between.

Under the action of' the external force there occurs elastic deformalion of' thle electrodes,

resulting in shear deformation of an ER fluid domain. For such a sandwich to opem ,t.

profitably as a composite matefial element with adaptive vibration isolation par,ý-metcrs the

fundamental mechanical lpropertiei of the Eft. fluie must bo! known under different defiarmation

conditions. This has provided the subject nmater fur thle present study.
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In experiments, multicontponent ER fluids were studied when all their components

were varied. Different natural and artificial adsorbents served as a dispersed phase Optimal

component proportions were chosen

Experimental study of the mechanical properties of ER fluids was made under the

conditions of periodic small-amplitude deformation using the classical scheme of a vibrating

cantilever repsesenting a ;ardwich composed of two elastic plates: electrodes and thin ER

fluid domain in between. The plate size was (2x20x220)mm, the test ER fluid domain

thickness was about 0. I mm

One end of' such a sandwich was rigidly clamped by means of a special facility

piovided with electrode leads and with an electromagnetic actuator and inductive probes

mounted near a frec sandwich end. Thus, the "vibrating-reed method" was realized, i.e., use (A'

a sample shaped as a flat long plate with one-side embedding and excitation of free end

vibrations.

Facilities for exciting vibrations and recording a system response to them are the

essentials ofa design of sandwich-type systems.

The schematic of the experimental setup is shown in ,ig.2.

Electromagnetic excitation of sandwich vibrations was performed by an

electromagnetic actuator. A sandwich vibration amplitude was recorded by the inductive

probes, whose amplified signals were sent to the oscillograph screen and the digit voltmeter.

The assembled sandwich was placed into a hfat insulating chamber. This provided a

possibility of making studies over a wide range of temperatures, both plus and minus.

In experiments, measurements were made of: shear storage modulus (G') and shear

loss factor (ii) of the ER fluid domain under periodic deformation The behaviour and strength

of 'An electric field, ER fluid composition, ER fluid domain thickness and temperature,

vibration frequency and sandwich design were varied. The resonance fr'equency shift and

resonance peak width were weasured, quantities G' and q were calculated by the method of A
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Nashif ct al. (A.Nashif, D.Johnes. J.l-Ienrerson "Vibration Damping", John Willy Sons, 199X5.

New York),

In the first set of experiments, about 40 ER fluid samples were tested to determine an

optimal ER fluid composition. Some results are cited in 7h!lb/ 1. Experiments were made at

room temperature when the electric field strength and the force causing vibrations were

varied. Having processed the obtained results, a more narrow set of compositions was

determined for further studies. In addition to good efliciency (substantial resonance frequency

shift and sandwich vibration amplitude decrease under the imposition of an electric potentia!)

thie selected compositions yielded good result reproducibility - return to the original (initial)

state at field cutoif(return of a resonance frequency to its initial value belbre field cutin).

In the second set of experiments. the G' and q, dependences of the field behaviour and

strength, Elk fluid domain thickness, sandwich design, and vibration frequency over a wide

temperature range were investigatcd ( 1.50 O' to -30 VC).

Figures 3 through 6 present the graphical interpretation of the mecha•ic:al Ell lhid li

properties (sec 7ib/t /). In particular, Figure 3a,b plots (' and ril as lunctions of electric field

strength at room temperature and natural vibration frequency of 18 liz (ER fluid domain

thickness is 0.15 Imm).

As seen, with growing the electric field strength in a gap shear stioage modulus, (i',

increased 16,9 times sImultaneously with decreasing she;, loss fIactoi. ir, 3, times. FThe latter

wits caused by reinfbrcimig the ER fluid sti uctuie with the field growth oant shear flow energy

dissipation reduction. As this took place, the system reversibly shifled m a mcsouiattce vibration

frequency by 10-12 lHz at a vibration amplitude decrease and constituted 28-30 Hz, iz v , the

system became more "stiff'. The field cutoff brought the resonance liecquctncy and vibration

amplitude back to their original values. The efiective actioln Of d C aniti a c fields, all otlhC

things being equal, p)ointed to a great (10-12%) efliciency of the d.c. field.

Figure 4 illustrates the electric field actiont onl the resonance frequency shill at diflcreunt

resonance vibration freqtuencies. As seen, th" "motre flexible"' the system (lager sandwich
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length and smaller f res) the more sensitive is the systemn to the field action and, vice versa, thc

.,more stiff the sandwich, the larger electric field strength is needed for t Cs to shill by tlte

same value.

Figure 5a,b plots G' and T1 vs. the ER fluids domain thickness (112) in the sandwich

With increasing the ER fluid domain thickness all things being the same, the value of the

relative deformation of the ER fluid domtain varies~ As secn, relative deformation changes

within 35% exert no essential influence on thlt shear storage mondulus and sheai loss factnm

(Fig. 5a, b).

As for practical applications, of special itne-est is the enviionniental temperature

influence on the mechanical characteristics of sandwfiich-elements Measuimenlents havr heemi

made in a cooling/heating chamber over a teniperatin o range -1 qt)"C(it) -30 o(' a a niturmn

resonance frequency of 18 Hz and ER fluid doinaint~i ickne:;; of 1) 15 mil 11w obtailned

values of G' and il at d.c. electric fiele are plotted in i,'g. 6a,hb.

As evident, the temperature influence on both the shear storage modulus ýmtdlha

loss factor is not very essential although it takes place. lItI this ease, the mintlencc of liiph

temperatures is more adverse: with decreasing G' atnd qt the clneti ical condiirtivitv - t'h, tFR

fluid sharply grows. Apparently, this is associated with the theminial stability of sonw,

components of ER fluids and their dielectric propetties, although the outwmtd appeatmnut of'

the ER fluids subjected to high temperatures did not change (the fluid and paiticles didn't

separate, didn't change \ osity, colour, etc.).

What is more, the entire temperature rangc was examinedl ii "ic- uiialwit it uo,sciubk.

i.e., the ER fluid domain was not replaced during the whole iun of experimnent., In this c~ise.

the electric field behaviour manifested itself better. If at roomi and minus icnip . air G

increase at d.c. field was by 10-15% greater as against at a.c field, then at liri. eplilC

when the electrical conductivity of the ER fluid domain sharply grew and this rf~i`(c d d

it retained at a~c. field with much smialicr electrical conductivity tolthe ER fluid domnain
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Also, it should be noted that over the entire considered temperature range the G' and 11

dependences o(the field strength and temperature did not change qualitatively.

The performed study has evidenced that the [Undamental possibility exists of

significantly (up to 100 times) increasing the 0',ear storage modulus of ER fluids at electric

field. However, the problem on hysteresis of fluids exhibiting a maximal modulus increment

still remains unsolved.

Over the investigated parameter range it is shown that at increasing electric filed the

shear storage miodulus tends to increase with a vibration frequency and practically does not

depend on deforriation and temperature values.

At increasing field the shear loss factor decreases, which is due to viscous energy

dissipation reduction, as the ER fluid structure is reinforced.

In a general case, the studied design can be considered as an element with a natural

electric field-tuned frequency of vibrations.

Thus, the idea of ER tluids fbr vibration control in distributed systems may be put in

practice by embedding these fluids in host structural materials which are fabricated in either

conventional or advanwed com'iposite mnaterials. The imposition of an appropriate electric filed

on the fluid domain in the structure permits the energy-dissipation characteristics and

mechanical properties of the embedded fluid to be actively controlled, which enables the

global properties of the structumw, containing the ER fluid domains to be controlled
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Figure N I Typical view of a deformed sandwich (composite material)
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INFLUENCE OF THlE ELECTRIC FIELD FREQUENCY ON THE
ELECTRORi EOLOGICAL FLUIDS PROPERTIES

C. BOISSY, J.N. FOULC and P. A77EN
Laboratuire d 'Electrostatique et de Matt'riaux Dielectriques

CNRS ec i jve'rsrjg Joseph Fourier- - Grenoble 1
B. F'. 166 - 38042 Grenoble Ccdex 9 (Fran ee)

ABISTRACT
The strength of hydrous ER fluids are usually decreasing when lthe frequency ot

the applied electric field is increased. The reason tor such a response i, probably due. to
the fact that the eleeýtric field distribution it the fluid is controlled at low frequencies fry
the conduction propel ties of the materials (solid and liquid) and. at high fiequencius, by
the dielectric properties (permtittivity). We present preliminainry result., of Qurrent Alid
force mneasuremnents ott a large scale mtodel using two halt-spherev; in contact. The
dependence of phas-shift and inag'nitude otf current through the half-spheres onl
frequency leads to a crude electrical model. Thie experimental results are discussed on
the basis of this model. Finally, we compare the variation of tite attraction force
between thle half-spheres with the ,hear stress of an hydrous ER fluid (celittlose in

inenral oil) foa different frequenicies of the applied, voltage..

1. Introduction

lEven it' the properties of ER fluids are more and more studied since thle early
1980's, the p~hysical mechanisms responsible for thle electrically induced attraction
between particles are not clearly understood. It is generally assumned that the particle-
particle interactiotn is an attraction dtte to the induced dipole-dipole interaction.
However this explanation is unsatisfactory, especially in the case of DC or low
frequency applied voltages. In this case the electric field distribution is controlled try
the conduction properties'-3 . We recently proposed a model for DC electric field that
seemis to well describe the p~hysical pittCeio 111n1 4. Nevertheless at high frequencies the
electric field distribution is controlled by thle lpertfittivities, thus for thle halfway values
of frequency thle effect of conductivity anld permittivity are balanced. The electric field
distribution thtent becomes tmore complex. It is also generally assumed that the ttaterials
are perfectly insulating but in fact, even if thle conductivity is very low, it is not trite.
In particular, the liquid conductivity Canl strongly increase undev high electric ficl& and
thus niodifies the field distribution. The phenomena that can influence thie electrical
properties of both liquid and particles are numerous. This is certainly why there is no
general rule for thle behavioutr of ER fluids. Thus, it appears that tile tnfluence ot field
frequency on the strength of ER fluids varies according to tihe nature of tlte particles.
For hydrouIs materials, thle strength dlecreases when the freqnciLC1y increaSeS6.7 , but for
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anhydrous materials the behaviour seems to be Opposite, the strength increases with)
freque.ncy 8.9.

The purpose of this work is to see how the frequenicy of the applied field
influences the interaction between particles, and to try to explain how the effect of
conductance and capacitance ate balanced.

2. Experimental set-tup

1.. Apparamv
Th particles of an ER flulid are modelled using two hall'-spheres of radius much

larger than that of actual ER fluid. The experimental apparatus (Uig. 1) comprises two
duralumnin electrodes 9 cmn in diameter spaced by 1.4 cm. The upper half-sphere can
pass through a circular aperture in the upper electrode. The planar metallized section of
the uppor half'-sphere and the upper electrode are grounded. The lower hialf-sphere,
fastened to tltc lower electrode is brought to p~otential V. The cell is filled up with a
transformer oil and puLt into a Faraday cage. The two half-spheres, of radius 0.7 cm,
are made of polyanlid having a conductivity (T, =_ .7x 104 S/in and a pernmittivity

c=_24C,, (at 50 Hz). The surrounding oil has a coitducti~uty of' CL ý_3x1'1 3 S/nt1 and a
permittivity c,.1 _ 2.2c,,.

-Balance (mag)
-~ ------- (SAKPJORW, BA 3 tO)

grountd spring1

I IN - cell

Fl Faraday

vertical - -cg

Positon l frame

Fig. 1 Experimientalt set-up for large seate miodel using two halt-;pheres. Tie. vertical position of theI
tower halt-sphere is controtted by a nuleroinetir table.
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2.2 Measurementis

A sine-wave voltage V is applied on the two half-spheres in contact. The current
passing through the upper half-sphere is monitored via an oscilloscope. The current
magnituue and phase-shift (the phase reference is the voltage) are measured as a
function of frequency. To measure, for fixed magnitude and frequency of the applied
voltage, the attraction force between the two half-spheres in contact, we slowly lower
the cell support. When the electric interaction force equal the restoring force of the
spring the two half-spheres separate. The force measured with the balance at the
moment of detachment is equal to the attraction force (its sensitivity is the milligram).

3. Results

3. 1. Elecirical measurients

We monitored the current in the upper half-sphcre for different potctmn'ls V and
for frequencies ranging from 0.01 to 2,000 Hz. We measured the phase-shiut, between
the current I and the voltage V, and the gain defined by G=20Lug(I/V). Results are
presented in Fig.2 (phase-shift) and Fig.3 (gain) in a Bode plot representation. The
phase-shift is positive (i.e. the current is in advance on the voltage) as can be expected
with a capacitance system. We can note that the phase-shift and the gain are slightly
dependent on the voltage magnitude, One of the possible electrical circuit that leads to
the similar phase-shift and gain variations with the frequency is shown on Fig.4 (this
equivalent circuit will bc discuss in section 4). It exhibits three crossover frequencies
(t'7=I/2nmt). The values of the different RC components are difficult to estimate
because we didn't explore a large enough frequency interval and also because the
capacitances and resistances are not constant but vary with the frequency and
magnitude of the applied electric field.

We notice that for frequencies above 1 Hz thle gain doesn't depend on the
applied voltage, but for low frequencies the gain depends on voltage; this means that
the value of (R1 +R 2) is dependent of the applied voltage and therefore onl the applied
electric field E. It seems that (RI +A-R2) increases with increasing -. For the phase-shift,
we notice the same behaviour but more accurate measurements are required before
clearly interpreting the results.

3.2. Force mea'urermenis

ThN. force between the two half-spheres has also been mcasured for frequencies
above 10 Hz (see Fig.5). A few remarks can be pointed out. Firstly, with DC voltage
the force increases with E (here, for relatively low fields, the force scales as E2).
Secondly, when comparing the shapes of the gain and force curves, we can notice that
when the current increases, the force decreases. Thirdly, the decrease of the force with
frequency is important, between one or two orders of magnitude, and it appears more
marked for low electric fields.
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It is interesting to compare the behaviour of the large scale sphere-sphere system
with that of a actual ER fluid. The tested fluid is a suspensmon of cellulose particles
(typical size 30 /m, volume fraction ý = 0.15) in a transformer oil (ELF TF50). Fig.6
shows the dependence of the dynamic yield stress on frequency. The shape of this
curve is similar to that of attraction force between spheres. This similarity suggests that
our large scale system can, in a certain way, model the behaviour of an actual ER
fluid.
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V T2=RC

R T+ Rt
21 A2

C R+R2

A Phase (deg) Lgu

Fig. 4 liquivulent IW( ClIIuii tfor thle Iwo laIihisIII conijact uId associated Blode curves. The ttlle
nstollttL TI. T2 and ij give three ciosstlver fittwtetncies (tci- l/2mit).
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Fig.6 Eff ect of applied voltage freCu;ency on thit dynamic yield :stress of the tested ER fluid (cellulose in

traslformer oil).
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4. Discussion

The circuit of Fig.4 is a formal equivalent circuit. In order to progress in the
understanding of this electrical model, it is worthwhile to see to what parts the various
RC components correspond. Looking at one half-sphere (i'ig,7), we can distinguish
three parts : i) the uprer part of the sphere with permittivity ec and conductivity a, ii)
the liquid with permittivity F, and conductivity 7L, iii) the contact zone where F and cr
are very difficult to prescribe; let us note the capacitance of this zone Cc and its
resistance Re. The eauivalent circuit is represenled on Fig,8. On the basis of the
conduction model4, it appears that RL>>R,. We. can also estimate that CLt<<Ce.
Therefore the electrical model of Fig.8 is equivalent to the circuit of Fig.4 and we have
R, = R, R2 =R,, C1 =C, and C2 =C,. The problem is to calculate the values of Cc, Re,
Cs, and Rs. As we can see on Fig.9, u, depends on frequency and, as we previously
noticed, the conductivity aL of the liquid in the contact zone depends on the applied
field. Therefore Rc, Cc and C, vary with the frequency and the magnitude of the
voltage. All th2se non-lineanities make the problem very complicated and required
further fine investigations.

"EG
S S

IC.C

Fic.7 DiIffrent electrical parts of the half-sphere.

FPlojhtial V

g l

.t .,8 El•.tetciaI nlSodel eqtiiVateint to the halt-sp~here in contarct.
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Fig .9 Variation of the relative penni t iv ity L, of the solid material (polyamidt dits a functi on of freq uency.

In the above picture, the conductivity Of the components plays a role and this
implies that the force wil: depend oin c, (7, a,; well as onl t, and E, We can get anl
argument that this is indeed the case by comparing the variation of the mecasured
attraction force between tbe half-spheres with that given by the point-dipole model
based ott the p~olarisation"). This model indicates that thea force F betweeni patticles is
proportional to VL.(f 3.E) 2, l with c thle pertmittivity of the liquid, (c.[)e+2 )
and E3 the applied ftcld. At this range Of frequetncy EL is constant and the variation of ~
ott frequency is only due to e,~ We report, in the follo ving (able, the value of C., and P2
for different frecquencies, With E L -2. 2L,,.

Frequency kHz) 10 50 1000

UCF1 14 24 18
[20.67 0.58 04

We can estimate that between 10 Hz and I .00 Hlz thle magnitude of thle force
should decrease by a factor of about i.5. But [he curves in Fig.5 show (fhat thle factor is
greater thtan 10. It appears that dipolar interactions are not sufficientt to explain stich a
decrease Ill thle Value uf the force. Tlhus. othters phenomena are involve in the process
of interaction between particles and we think that they are dlue to [thc conduction
properties of the liquid and o1 solid particles. Establish a mathematical relation that
describe the electrical behaviour is diffticult becauIse Of no1-lineCaritieS.
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5. Conclusion

We present a preliminary study of the influence of the electric field frequency
on ER fluids properties. Electrical measurements on a large scale model using two half-
spheres, made in a weakly conducting polyamid and immersed in an insulating liquid,
lead to an simplified equivalent circuit. This electrical circuit based on R-C components
is discussed and connucted to the conduction and dielectric properties of the different
parts of the large scale model. The dependence on frequency of the attraction force
between half-spheres is compared to that predicted by the polarisation model (point
dipole approximation). As the comparison shows a great difference, we conclude that a
possible raison is that, even in AC electrical field, the conduction properties of the
liquid and the solid materials play a role in the ER effcct.

These first results must be developed in order to understand the ER effect in AC
conditions. In particular we have to investigate the range of frequencies above 2 KHz
because it is not impossible that the force varies again. It is clear that liquid
conductivity may play an important role and make the problem more complex. But if
we manage to find how the distribution of the electric field varies, we will be able to
calculate a more precise expression of the force. The study of the frequency
dependence on ER fluid is important, as well on the theoretical point of view than on
practical one. For future works we need to study the behavioum of others solid materials
and/or others liquids.

One question remains : in what degree our large scale model agrees with real
ER fluids ? The phenomena that can occur around particles ot radius about centimeter
can be very different tham those around particles of micrometer size.
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ABSTRACT

Linear and non-linear optical study onl elctiroi-hcological (ER) fluids is reported. The
ER fluids under thce investigation wyere glass beads, zeolite and ferroclectrics. Thle
linear optical responce of some ER fluids showed sharp changes near critical electric
fields. Ani enhancemecnt of electric field induced second harmonic generations
(EFISI-) was observed as thle function of El, wherc E is the external electric field.
The said enhiancemntcl is considered to be corresponding to a modulation of the
material's refractive index associated with the electric field induced polarization of'
the delocalized electrons. Thle enhanced non-linear optical response onl the transition
between liquid and solid states call be relatedi to thle phase transition in ER fluids.

]. Introduction

After electrorhicological fluids consisting of "dry" particles were inventcd
several years ago, booming intensive theoretical and experimental studies on
mechanism, materiels and appliz~iltions have been yielding a deep understanding in
this wrca. Intensive studies onl the mechanism of ER phenomena have benefit the
material research and application exploration. Researchers in this arca dream that,
someday, they will be able to design ER fluids, eithecr solid particles or base
liquids, even singke-phiase materials, on a molecular level according to the
requirements of applications. Thiq is strongly depending onl the better
undeistaading the mechanism. In the sense of material design, the mechanism of
ER fluids is far from complete awareness.

This work is the first pail of a study to explore what is the nature of' the
transitions between solid and liquid states. It is expec~ted to knew how inti-a

-4Permnancnit address is Shianghaiz University of Engineering Technology, Textile College, Shanghai
200061, CHINA
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molecular or inter-particle charges transfer near critical electric field, EC. It is
observed1 that particles form a body-centered tetragonal lattice structure when
E>EC, oand an order parameter was defined.

It is shown experimentally 2 and theoretically 3 that, near superconducting
tansition temperature, To, the power signals of second harmonic generation,
p2(o(I'), and third harmonic generation, P311(T), have a form of spikes of
generation. P2(w(T) is also magnetic field, H, dependent: P2 1(T) shows peak
structure only when H is not zero. Nevertheless, P3w shows peak structure even in
the absence of magnetic field. It is evident that tie strong enhancement of 1120 and
p3w is closely related to the phase transition.

To pursue the optical study we made several ER fluid samples, such as
glass beads in silicone oil, zeolite, BaTiO3-system and so fbolth with correspondent
base liquid. The samples were first characterized by measuring their static yield
stress. The 'incar optical measurements and the electric field induced second
harmonic generation (EFISH) measurements were then conducted. A series of
experiments were done to confirn that the ER fluids did show their intrinsic
EFISH signal. We expect also to establish the qualitative relation between the
microscopic structure and main characteristics of ER fluids.

2. Theory

Microscopic polarization P(k, ca) can be expressed as4

P(k.ow) = P'")(k, () i- P 2 (k,w)-*..., (l)
where

P" )(k, w) =;((k, w).- E'(k, wo) (2)

and
P`2)(k, a)),- X"•(k = Aý + Ac - o + W ): E(k, ,C,)E'(k A, (3)

with E(k, o) being the incident laser electric field of wavevector k and angular
frequency co, V'), the first-order susceptibility tensor describing linear optical
properties, such as refraction, absorption and so forth, and e2), second-order
susceptibility tensor. ;ý{) is zero for centra-symnmetrical material; non-zero for the
materials with lower symmetry yielding frequency doubling effect -- so called
second harmonic generation (SHG). SHG is forbidden under the electric-dipole
approximation in a medium with inversion symmetry. The inversion syimenyu- is
broken at a surface interface.5 The inversion svmmetry is also broken when certain
dc electric field is applied on a medium with such symmetry, This is why the
technique of electric field induced second hamnonic generation (EFISII) is
contauonly used.

In this case the macrcscopic polarization J12(o induced in an ER fluid by an
incident laser field 1E can be described as 6
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P2
. =edJK(E0)t4ýEZ, (4)

where the component dIJK of the non-linear optical susceptibility tensor is
dependent on the strength of the applied dc electric field E0, and -, is the vacuum
permittivity.

The microscopic dipole moment p2,. induced in a particle by dc electric
field EO and a laser field EN° is as

p,2 -- ofl 1 j j' r+y ,I/: , z ' ), (5)

where F" = f'E' i and F0=fPEO are the local fields, i.e., the fields experienced by
the molecules of particles and liquid, Ak and YijkI are the second- and third-order
polarizabilities, respectively, andfw, the local field factors.

The intensity of the output SHG 's as

1 (2 co) oc Ix (2)2 P'(w). (6)

The ratios of order of magnitudes of first three orders of susceptibilities can
be expressed as following

(2)
2  X (3 1 ( 7 )

X Il X(2  E'

where E, is Coulomb field inside an atom with an intensity of 108V/cm.
Each particle of an ER fluid can be considered ar a source of nonlinear

polarization and so the macroscopic response is the sum of the microscopic
response averaged over all orientation. The small particles in an ER fluid with
either zero or non-zero ground state dipole moments give no contribution to the
second harmonic generation in the absence of external dc electric field Eo because
of random orientation of the dipole moments. Upon applying EO, charges of polar
molecules are oriented, non-polar molecules may be polarized, then the central
symmetry is broken, and the SHG can be observed. In other words, if SHG is not
observed before is turned on, but can be observed after Eo is turned on, one can
conclude that die charges in the particles are oriented with Eo turned on.

3. Experiments and Analysis

3. 1. Sample Preparaton and Characterizations
The ER fluids used in the optical study were glass beads with silicone oil,

ferroclectrics (whose static yield stress measured with electric field is given in
Fig. 1(a)) and zeolite with corresponding liquids.
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A systematic study on zcol;te ER fluids was conducted and the results of
the study were summarized in Table 1, All of the samples were dehydrated at
250*C overnight. Firstly, the zeolites with the same framework type (say, type Y)
but different cations were compared. Both the static yield stress and leaking
cwl'entof the zeolite samples increase in the order of Ba+±±>Ca++>Mg++>K+,z
Na+, which is consistent with the decreasing order of their activation energy for
conductance, AH in Y zeolite 7 . Y zeolite with divalent cations has smaller yield
stress and leaking current than Y zeolite with univalent cations. The reason is that
each divalent cation is bound by two negative potentials in the framework, but the
univalent cation is bound by only one potential, so it is harder for the divalent
cation to move than the univalent cation. Secondly, a comparison was made among
the zeolites with different frameworks A, Y and M but the same cation, say NM. It
is evident that Y zeolite has much higher static yield stress and leaking current
density than A and M zeolites. This is because, as shown in Table 1, type Y has

Table 1. The static yield stress and the leaking current density of the zeolite samples.

Pore Tylw of Catloni K posed1,'raMr - S..--Lj)O-C
F a Openinhg -___iihialii

lA)itinil, .) Na K Cl IMg, IBA Dolrilulio
Ro' i atio (11) w ' t. % i• 1 1t. --' )• L '-; i, S. __ F.,1 n

0.6 2.5 0.5 1.2

2 2 2 2
3.5 100 2.5 125 -,.1 -0.25 Cation

Y 2.5 0.74 9.6 2 2 2 2 2 Nivuwi

067 4.6 0.6 -5 0.8 -_25
NI 6.9 X*0.70 2 2 2 2

1.4 1.2
02 2 iFap&niworkliSA 62 X.6 0.6 9 .-lIS.620.6 9 12 I 'okart&Wiai

5 5

Y.S./E -- static yield stress in kI'a at the indicated electric field in kV/mWi. YiE -- leaking current
density in p.Alcm2 at the field in kVMini

the largest pore opening diameter and large enough number of cations amnong these
three types of zeolites. Although Type A coitains a largest number of cations, it
has the least pore opening diameter which limits the mobility of the cations, and
thus its yield stress. Type M is not able to contribute high static yield stress
because of its least nuntber of cations among these three zeolites. From the
discussion above, the polarization of A, Y and M zeolites is conducted via the
cation movement mechanism to which high cation content and large pore opening
are favorable. Finally, a type of zeolite with high Si/Al ratio (lISA) was tested.
Although both the diameter of pore opening and the number of cations of I-ISA arc



467

less than those of Y zeolite, it is found that 1-SA has strong static yield stress at
high field, as shown in Fig. 1(b), and a very small leaking current density even at
high electric field (5000V/rnm). This indicates that cation movement is not
responsible to the high static yield stress ii HSA. On the other hand, shearing
deformation of the czystal structure of .ISA may occur in some circunstances,
which strongly suggests that ftle framework polarization due to structure
deformation may be a dominant reason for the high yield stress in I-SA. This
points out that the zeolite with high Si/Al ratio may be a promising material in
some ER applications.

BTO I

S(a) , I

5 -

0 1000 2000 3000
E (V/lm)

10 •- - . .0

S8 HSA 40

(b)

"- - a20o

2 t

0 t-0

o 1000 2000 3000 400o1 5000
F (V/mm)

Fig. I Static yield stress vs E for (a)samplc BTO. a ferroclectrics ER fluid and (b)mamplc HISA, a
zcolit•e ER fluid.

A homemade parallel-plate shear stress measuring system similar to that
designed by Block8 is used to determine static yield stress. To reduce fric ion.
rolling needles arc used. The gap between two electrodes is 0.5mm, a b., ,-
electrode has 2X2 cm 2 contact area with fluid to be tested, and copper-dish

,rj
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electrode has an area of 4X6 cm 2. A strain transducer was calibrated after the
system is made.

3.2. Linear Optical Properties
Linear optical properties are refraction, absorption and so forth. For the first

approximation, when a laser light beam of angular frequency CO is shining onto a
sample, the macroscopic polarization of the media can be expressed as P(wo) -
'T)E(rq). In a classical point of view, one can image that the charges are the simple

harmonic particles, which are forced by laser beam of angular frequency CO to
oscillate also in angular frequency co and radiate, while its amplitude is reduced
due to either absorption or reflection.
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Fig. 2 (a) A schematic diagram of an experimental set-up for measuring lineaz optical coefficients
of ER fluids, Experimental results of transmittance of ER Fluids of (b) glass beads with silicone oil
and (c) HSA (a zeolite ER fluid).

Fig. 2(a) displays an experimental set-up for measuring the t'ansmittance of
ER fluids. The light source used is a He-Ne laser of power of 0.2W. A lens set L
expends the diameter of the light spot to about 1 cm. One light beam after a splitter
goes directly to a silicone photo cell detector, and another shines onto a sample
cell, and then onto another silicone photo cell detector, which has been calibrated
with the first one. The sample cell is constructed on a piece of optical glass, the
distance between two parallel electrodes is 2.5 mnn, and the fluid in the cell is
abouz 0.5 mm thick and 10 mm long. The output signals from both photo cells are
recorded through a two-pen X-Y recorder.

The experimental results of transmittance verses applied electric field is
plotted in Fig. 2(b). The diameters of glass beads are 45± 10 pim, and a thin film of
water is absorbed on their surfaces shortly before they are mixed with silicone oil
tbr measurement. The volume fraction for glass-bead ER fluid is about 40-, and
the lower volume fiaction gave much weaker effect of' transmittance change. The
transmittance of the fluid shows an abrupt change when F. reaches 700 V/mam,
which is proposed to be critical electric field. This abrupt change amouses a
possible way of making a light switch. When 1- is above 1.', the signal is very
noisy, and that part of the curve is only an average value guided by eyes froin the
original X-Y recorder sheet. Similar behavior is also seen on otiler sample, whevi
abrupt increase is observed. The noisy curve at high fields is probably from the
severe hopping of' particles between columns, a sign of a non-equilibrium statL.
After the field is turned off, the sample cell is observed under a miicr•oscope and a
columned str-ucture is observed. Apparently, more light can be transmitted through
silicone oil when the columns are formed. The abrupt changes are also obscrved in
zeolite samples as shown in Fig. 2(c).
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3.3, Non-linear Optical Properties
The Qxpeiimncrtal setup for the eleatiic field induced second harmonic

generation (EFISH) measurements is drawn in Fig. 3a. The light source of Slit
measurements is a mode-locked Nd:YAG laser (Quantel, Orsay, France) at

1=.0641Ain with energy of order of mi pet- pulse. Its pulse width is the order of 50

Nd:YA(G'Laser-1

L2 L2

0.53 P Samplei Cell I.16
________________V_ hter ile

ol~oumultiplier
2(, mn,2w U. L] I

L - Motur

(hued 1)MtM F 7(e

(b) ~ \ ~ .

ER F luids Qusirti. Wjiiadows
11V

EleCtIuIlL'es

ii) (0 ,2w

ofrell 2

bean.

ERt Fluids

Fig. 3(a) A block diagram fo61 the experimental set-up for measuring EFISI- of UR fluids.(b) A
sketch diagramn of a sautple cell used in EFISHl measuremecnts together with a definitioni of cuhietem
lenigth, I
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ps with 10 Hz of repetition rate, and the power is the order of 10 MW. Light is
focused into a spot of diameter of about 1 amm. An S polarizeris put after lenses so
that the electric field vector of the laser light is polarized along the sane direction
as dc electric field (in z axis), Detector is a pliotomultiplicr sensitive to 2w with
wave length of 0.532tnm. A boxcar (gate integrator) with gate width of 0.5%ts is
used to process the signal from photomultiplier. An X-Y recorder 's used to record
the results of the measurements.

The EFISII experiments are performed using wedge technique. The sample
cell, shown in Fig. 3(b), consists of two quartz (JDS2) windows aligned along y
axis, the direction of laser beam, two Teflon blocks (not shown) glued aside of
quartz windows bilaterally, and two brass electrodes separated by the quartz
windows. After electric field is applied, by translating the wedged liquid cell along
x-axis, perpendicularly to the fundamental laser beam, Maker-fringe amplitude
oscillations of the generated second-harmonic signal are obtained.

EFISH NaA

0 E=OV/mm(before E on) =3.240

0.2 333
? o

" 0.2 B
0

0.5Al

0

0 200 400 600 800
Thickness Variation AL (Itm)

Fig. 4 Rleutivc S... vs. thickncss variation for' .A, a zColiLc ElR fluid.

Fig. 4 shows how the SHIG intensity relative to quartz (as unity) oscillates
with thickness variation Al.. AL is defined as the deference of the optical path in
liquid cell before and after translation. AL=O before the sample cell starts to
translate. SI-G intensities change when electric field increases firom 0 V/amm to
1500 V/amm. When Eý0, no fringe form can be detected; while L increases,
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Maker's fringe appears and its amplitude increases dramatically. When E is cut off,
the fringe disappears again. Coherent length I is defined, in this paper, as the
difference of optical path corresponding to the scanning separation of Ax/2 (see
Fig. 3(b)),

I ='(2)×tana. (8)
2

It is named so because only two light beams, whose optical path difference is
shorter than I, can interference each other. Coherent length is a material para'aeter.
For a nonnallv incident light with a given wave length X, a coherent length of a
material is deternmined as

(9)

where n2ao and na are refractive indices i;:asured in ligh! of angular frequc acy 2(,)
and (o, respectively. The refractive index n of HSA in silicon oil with volume
fraction ý of about 1% is 1.3982 using white light. rhe refractive index of pure
silicon oil is about 1.3970 using same Abbe refractometer.

To check whether or not the firinge forms from the concentration of solid
parlicles in ER fluid such as fibers, cha>-s and columns, we did also the
mieauremnents when wedge angle cc was changed from 3.240 to 1.50 keeping other
factors unchanged -- same liquid cell at same electric field.

Fig 5 shows first that EFISH signal increases as E2 , This is easy to be
understood: when E-O, nonlinear polarisability X(2) does not show up for the
reason of symmetry; an introduction of electric field breaks the symnmetry, and X(1)
starts to appeal, which means that ).2)(E) should be a function of E. On the other
hand, X(2)(E) is independent of the direction of external electric field, so the
principal terms of X(2)(E) should begins with E2. This is why we have seen that the
intensiLy of second huumonic generation increases with E2 . Secondly, Fig. 5 shows
that, when wedge angle ax double its value (frion 1.50 to 3.24°), Ax, 'dhe separation
between two minima, is cut to half (from 3.0 to 1.4) while keeping coherent
lengths (Eq.8) unchanged (39.6 ý.tm and 39.3 jim, respectively). If the fringe were
from "columin", Ax should not have changed since changing ot only docs not effect
the formation of column.

One might suspect that the fringe formn is from pure silicone oil itself. To
rule out such suspicion, we measured the EFISH signal of pure silicone oil using
same liquid cell at same electric field. The result shows that the pure oil has
different EFISI-I behavior as one can see from that for ER fluid (Fig. 4).

.€1€"I
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Fig. 5. Fringe amplitude, measured in EFISH experiments for NaA at wedge anglc of (a) about
1.5' and (b)3.24'.

To g.'ve -nre information on the relation between the EFISH signal and ER
effect, we did also the EFISH measurement on a zeolite with high silicone-tc-
aluminiUn ratio (HSA for short), which shows much lower ER effects, as shown in
Fig. 6. Both samples were measured at same electric field but using different
sample cells with very close wedge angle ca (1.50 djid 1.440, respectively) Stronger
ER effective sample does not necessarily show stronger EFISH signal althuugh
their coherent lengths are quite same (39.6 .tm and 39.0 pim. rspectively)

Fig. 5 zshows first that EFIS,- signal increases as F.'2 This is easy to be

understood: when E-'O, nonlinear polarisability el) does not show up fli the
reason of symmetry; an introduction of electric field breaks the synmetry, and , ;

starts to appear, which means that Z()(E) should be a function of L. ()i the other
hand, e2)(E) is independent of the direction of external electric field, so the
principal terms ofX2 )(E) should begins wi;h 1:2 This is wh% we ha1e ween that the
intensity of second hai-monic generation increases with 12 Scko-ijdj% Fig S shw%'
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PRFUSSIRE kRESPONSES OF ER FLUJID
IN A ASVON CV LINP)ER1 - ER VALVE SVSTEM

%laý..nii N\KAN0l anid I aku..i YNIJ)lKAWA

1), Nit ton, pit vi U- Juliusa oi WitdtWPri v IFigtati is&jI I )WaJh~IsiJAIj 'fill 0 M

4 I 1(1. Ia 'ium~. Ya4.'l :i it4a. )ai'sia~ijza, a. V".,AJAPAN

AbW1 RACII

I he jwtiv~uw ac's~q-ti -I4 &ia cktai.aaIt slital aIti I R1 I I Uui C4141UIU11V Iw -41 ulaii*CIa c taal
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d~tliatll. IMIaaa iaa IUI aal U 1 W IsisUaI LaaaultAIC1i 11% tt IW .IR % 1144. 11taa aI~ I lisuskl kawi
At it OauIizan C4:UIc.iaa 110d %*1raaaill 11W ulaiWAIC4d IXCa'.UV kAuitd In% I-R clit dktuar.>a it

Ilk It444A aCIAtXiI. 1 4ImIC W'. &iil is t 1m;~ h 11 li f. 111 1 41C t i-hIM'AL 14: I 111% I,41g dutI luu ldA I

aipaa4.aism aac tans:Nl R liwd ' ac..-aw iaua4 aut dt't u..d hlf Ilk %tat " t '.p4111 -I lilt
dmtaapaiti jsvrloraaa.aau1 And hat '%OtaaI k 11AI4k tlca'iaa N

1. Iitroduction

Flec tiorheologicid I'i'R) fl uid%. %hit 11111guirii F p1'it ieitic of %icdi n u~i ad. III thle
presCaaIcC oi elcctric fields and of rapid IClxpllw it, the change ()I dci: inc tields' I . Lind
thus, arc anticipated %orriC app~licatio~ns of industrial de' icC 'wicl iv, a dumlpel. a ibkc. it
clutch, an engine mount. und so on. ltIn most of l thes ER de% Ice,, ec\ept the cL:utchl, Ithe ER
fluid flow iorms a Poiscuille-I1o( cuanfiguration. Ix lilt hostmv~ci, theic arc rnatii tescaicclie'
A.1.4 on the Eb effects in COuette-lflow cont ugurations using a watar\i% Ipe I icomlcei. but a
I cw rescairchcst on ER Cf'fctt in 111 OISCUIlIle-I 101A cont iguration. anid it sCenas% that the deLail es
ol'the Poiscuille-flow ER effect.% arc not yct clarified. And also, in the closed EI-R i~h~daklic
systems such as an ER dumper', an ERF suspension %stsecm'. and an FRI- svi1-\a-ctuaLoi".
the steady and transient pressure responses ofl ERP fluid C0ou1Iitlld bý ER %ake"' ale sit
significant import~ance in tie estimation and thc controIlabiIi of the ind'uced tuuic.
respecLtively. The respoxnse charactc''stics mnight rnamiri depend upon the ER effects ofl
ER fluid flowing through anl ER valve and the cornpressibilut> of the prcssuri/.ed ER fluid
in the cylinder.

Theref'ore, lin this research the authors have adressed two questions, that is, hom. the
ER effects of* ER fluid in Poiseuuille-flow geometry ;Are, and ho%% the transictnt reslx~nse ul

Jro
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ER fluid in the cylinder is. In order to answer these questions, a piston cylindcr-ER valvec
esperimnentai sys~ern was designed. Using this experimecntal apparatus, the steady arid
transient pressure responses of* ER. fluid in the cylinder have beein measured against the step
inputs of' electric field to the ER valve. From these responses, we can estinmate the
characicristics of- the stcady and transient forces acting on ihc piston controlled by the ER
salve.

2. Experimient
2. 1 ER Fluid Properties

'Ihe tested LER fluid is it suspension of the sting acid ion esechange resin particles of
ab~out 5 11 i11 in diamieter dispersed into a 20 cSt silicone oil. The nonspherical rsin
pairticlvs miade by nulling the particles of Amiberlite I R- 124 weic dried and rn-oisturtzcd
for a proper timec before the dispersion. The mnass fraction of Particles is 30 wtý'/,.

2.2 Ex~perimental Apparatus anid Procedure
L~jx'iin~ilts %seie pert oinied b) using the e\pernniental apparatus shown in Iiig. 1.

ci nisi-sti ng of a pi stin of 230 ninin stroke, a e i nder of (~ ionini in illner diaineter. and ;An ER
vkhldh cli ha% a 0fimiine of 0i.0 mmn in hight between ts% o parallel plate electrodes 01 l10

winn In length anid ID m1m1 in1 s%idth. The LIR fluid is% filed in the cylinder- The apparatus is%
designed Ii ~r testoig the lER cli eels, in Piowuille-Il los gcometory. %flhose ens rolunent I%
similar1j it, ifil c\;x'cted loti a \arit\i of E:R des ices such a,; an LE? damper for contiolling
neekhan ical i bi at iiis and an IR sat' elot int fI gaI iali ev c a t

Di aing testinyg, the pi sitoiiis isrnoed atabN nc n tu pe v tfe speedoliini f ollf

rrc..w, I i--ti.MiW..

I.- ItM l i I Ii

P .lot ns C.,ewrai

Flu I Schematics (4'a piston cylinder.t;R valve expenrniicutai appaistus ftor testing LR
effects MWd We measuring sysiteml
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Motor, so that, the mean flow velocilty btx-%%cn file electrode% of" the ER valve should be
constant. Under this condition, the step inputs of' the electric lield are applied to the
electrodes through a high voltage amplifier (if the Irequcncy range f roml DC to 1) k-H/. ,and
tkc resultant pressure responses of' the F.R fluid in thc cylinder are Measured by a pressure
transducer and Lire recorded on a degitaf recorder connected to a cornputet. Fromn thc
saturated values and thc rising Univ constants of the pressure responses obtained on the
var'ous conditions of' mean flow %cekcity in the ER %alve channel, the characteristics of'
both steady and transient pressures controlled by the ER valve are obtained as a funcation of
the meanl flow velosltV.

3. Steady Characteristics or ER Effects

3.1 Theoretical Stucty Based on Binighamn Plastic Modlel
Steady state ER fluid flow,, passiing through a channel having a rectangular cross section

between two pile ecrkare Ivsiaethotclyssuniing that the ER fluid
behuves following a m~o-dimiensionai binghani plastic niodef represented by eq. (1), which

r I, - 1 i4 Wv (14 (1-. V v< v; 11f 2) ix~st-% icld
(%) , i pry-yileld (1)

(Y=O)l h oundar%
U :( t v-h12) cornditic n

We dl mCIId II inl anorthogonal C~s'idiitate ss stemll O-I v. %wh dit I U the* it 0 it efIlannel ecicite
line aiid the ,v-axis crossing a channel, sheie r is, it shear stress. I is it yield stress,
itsssociated With E:R effects. U is a flow velocity in the :ý-direction. and hi is the channel
hight. Vc Icity piflsaogtevai l eemndby eq. (2) aid 131. and depe'nd on a

h2 f~~ .AP I I

0 Y (V U -l cost...................(3)

Nield stress i 14 and a picssutc diop acosthe channel of the efectiioles A I', AP.+ A
P,., 'Ahelce A/,, and A/',, aic giien aA eq. f(p and (7 ie'qcctiivels. And thien, the:
Inivygi au in of thelye\CILAiý O> fisyth ole 1,11 Uo&s Sc~to inUalai Of ofithe c011 nel gi the fim 5

rate Q of cq. (4). whieic B3 i. the channel width of 10) oin and I., I fil e channel lengthl 14 the
elveti odes of 1011in io

h,' P 2 rH Li2

( j2tA 14 IAP. - , )

IIn fihe caJe o1f r-latICl) high spee~d 11l0" as the I loss condittons' o1 thiS V\IWrUIjCnts, it
total pressure drop LIcios- thle M10hol chanincl A P ,=1' P. , %hewi' Pi% a pivssuic tin the
cy.linder and P. is an1 atniosphenec pressure. is, appioximlated b% eq. (5'' Thai i%, Al Pis,
des idcd into tsso C rnIpxinenrs One is a isetius 11coIsien A/P,i= AP.'+ Al', and the othvic
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is an clectrorheological component AP,. L. is the whole channel length of 18 mm.

APr. =At....P=PAP, ........................(5)

AP.={ 12y(LC-L / Bh3}Q, AP,=(l2 / L,,/Bh")Q............ (6)

A........................... ................................... (7)

Therefore, if the prcssurc increase AP,, caused by thc application of the electric field is
measured undcr thc condition of a constant flow rate, the yield stress r " due to the ER
effe~cts can be estimated from the AP,,~ using eq. (7).

Figure 2 shows the dependence of theoretical velocity prohles at a constant mcan flow
velocity' U onl an electric Ifield strength E, which are obtained from eq. (2) and (3). The
velocity profiles dramatica~ly change with the electnc field strength. That is, as Ei is
Increased, a plug flow region appear-s around a channel center and cexpands to both electrode
walls, and the pressure drop AP,1 increases to keep the mean flow velocity same. The
Increase of tile meaun flow velocity reduces the plug fHim region as obvious on comparing
[-ig. 2(b) with [-ig. 2(a).

o1.25 O.Ilni.A * ,

E Ei

-u1.25 -0.2

;oo ithvi Uota

1iga 2 1 w nivinvaJa vcwii% pto ilc ia t~ ti .iasjiiI~itail 1calIo %ckiiai 1' lul.L.d tan dk Iiiaaglkli plalut
I I(Kcl UCII W.baaij)I tiv~iad till dOc at ai f l aiacit) - izc i I-- mid pa caar ditp A PC

3.2 Pressure Drop L P, . ue To ER? Effects
[iguic 3 shkok% the pic~sui icsfolase. Ilf thle E R laid IIn the Cyflinderit it a ~cii% (If

ss cmcl .sqbarc %oltaage V inputs ha~ ing diICIentI fC~kels. ' iichCl %ikere riieasuied under il IK%~o
cc aiditiow. of the ninea. Iflo)% ct U The pws:suie P' ie~eisiblý miw% and falls against
the on-il %%if w chi ngolf the e elcl ic field. and thle pm sImC% UcI nelcaseX .Cit mn III
[ihe piressurediop acmal h ectrsc hiie due to the F~RelffeclK. i -teases % ith increasing
Input olalges. B~ut. ii thle mean fHtim %eh szit hecomes high(- A P,,Ctl conprints aic
reduced it% %een in Fi g 1(b 'I Ihu, thle let els of Ail,, co mponunts depend oilm the mean
I los' %cimcit bo~et ci the dclcLiiiide..

'Ih %alito. iai~ l tile "W", m ncn~ against the mean lii at)% %lcit% ;i i a sht umn Iin

l-ij. 4 Iin teimis iii the elctriic I ield stucngtfi L V/li. For each clects ic field strength E, a% the
mecan fItiss 'accltiK> I/Ii incacasecd. A P,, component Lenld- to) decreaseC iAlma )St CiXa)Kncitilall
hoiiti a masailmuni kalue A/',,,,at 11 =0 and it) eonmeige iti) a %aluk: AP'I.,, at a suff cicntlý

figh flin is. loit\ While, the increase ilf the electiic field strength raises All,,, and A
,.,, kicakcn ing thecdccmeawsing rate ito the llI \a..'cltcity The wekalkening of HP effects



10(X)481

400 5Wi 600 68

20

20

12( 1f T In see

(a) l. 77-5 i s

IlK K) 6X 1

U ~ ~ if(A()

It

20 4J1 61 I

I iiIg IIV iiit ZL~CS I)FCi %tUI ICI. "1" 1 a 541C 1c4 W.C II .1 arc I'ill" 'c It ~ "11101i
SIIInghI &imik~d cml Ilivy102 ihcca IV, V.4(1 :% U

ý%0 nul Isi ng I l()% c I \.UiggulLl t hatle Ihu stci I ci matIio n cil di sjx rsd pat ucles fnu%

depenld u IXn thle I I()% % eht b L

3.3 Approximate Function For Estimating L P',, Component
B\ ads UnIIun thi.e xi m)ci ii cionud dCCi ti.%ilq iiiciiiad ,r' l AlV,, c cmlIXnC ill

a~aiflst thile lio%% 'clttclINIC L~tehitt i pili IU IIC l LriM 101 cuniit ngi AP~,,tcuniponlluIl
call be p~ro1lc'..ud in trims of the CluC4tIzcI field o'.ticngt and thle Ilcis \Chwt cu

The aIpplicaLllonoia ur UUN MIig LIii lutithcd hi the uspul imuntal data gzi us tile alues 4I A
-AP,. . P(E). And flletd cui'. s toi each~ ulectic lieUJ sIrcngth t. s. hichcl ai

indicated in I-ig. 4 The liftecd curses slums a luuN ixod appliolmation ol thle expCIiniunlLUI
diata. SO IL Call be concluded that [lie appl c".iniate f unction of eq. (Ki is suitable 1111 estimaiung
(lhe lc% cis ti A P1,

Nu~t, thiee pauiamter% of All.,,,, AP1 x% a nd 83 W• buinaed in I ig- 4 %hould be
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Fig 5 Relation between fnlaSIllttlin pressure drop Fig 6 Convergent prlessutre drop AtP,,, at sufficiently
Al 14, at U=O and the square of electric high flow, vclocity as a fRuctiou oftlhe square of
field stxcngth E". electric field strength La.
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0 : xperiment

:A rpproximaitioni

10'- 0

100- 6(E)=0.0265tE•'

loI (L

410-' 10') 3 X101
E kV/.in

Hg. 7 Flxmtonii 0(l a woil r~~i- iWsrnt

arranged us a f'unction of' thle electrical field strength. As shown in Fig. 5, AP,.o5 incieases
in pro portion to thle square of clectrie field drength, according to the relationship of* Al'ý(
=13.8 Lý. And also, thle increase ,)I thle convergent pressure AP,,, 11ds a prpolm-ioflal
iclatiotisip, to thle square of' the electric helid sti-rngfth AP,,,= 3 .55 E2, as sccn in Fig. 6.
Figure 7 shows the rclaiion betweeni the exponent /3 (E•) and thce electric held strength. 1f
both ol them arc represented on a log scale, a lincur relationship between the logarithms ol'
thcmn are obtained. That is, the exponent fl (E) is l~ound to vary Inversely as the square of
thc electric field strength, according to tilc relationship, J3 (L)=0.0265IE'. As a result, thle
approximnate functioni of- All,, component is given as flos

AP,.(E. O)= aE' -( (iE' - y EU)(lI-e *I?(U)..............(9

%%here, a =13.8, y =3.55, O3(E)ý:0.0265/E'.

3.4 Total Pressure Drop AP,. Across ER Valve and Yield Stress rM
The total pressure drops A P across the E"R % alve , whInch correspond to the pressure P

in the cylinder, are plotted in Fig. 8 in terms of' the mean flow velocity U and the electric
field strength E . The approximate curves of A P.., which are :alculatcd by adding the
eleetrorhecological component AP1., of eq. (9) to the viscous component All, represented
by 0.67U experimentally. at-c drawn in the samne figure, and have a fairly g~xd agreemnent
with the experimental results;. Thus, it is possible to estimate the pressure drop AP, across
the ER valve With a l'airly good accuracy.

Since, in th,:; experimenital systemn, the flow velocity U and the pressure drop A P,1 are
related to thle piston speed and thle force acting on thle piston, respectively. Fig. 8 iepi-esenws
thle iclation between a piston speed and a damping force controlled by ER va've inl an~ ER
damper. Therefore, it is expected that a high level of* the damping force is caused by ER
effects in a range of relatively 1(ow piston speed, but as the !peed becomes higher the
damping force is weaken due to the decrease of' ER el feets.
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Fig. 8 Variations of total pressure drop A P, with mcan flow velocity U and elctLric field
strength I-, and the apoxiomate curves r-preseuted by eq. (9).

1.5-
- :Approximation E k V/mm

o: 0.5
* : 0.67
0: 0.83

A 1.0S1 1.13

.1.33
un ~~ A'xJ.67

00 2.0 0

Mean flow velocity U cm/s
Fig. 9 Yield stress r .• estimated from thte measured A /,, against mnean flow velocity U

and electric field strengdt E and die approximate curves reclresenled by eq. (10).
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The yield stress az t, can be estimated from the measured electrorheological component
AP1., according to the eq. (7). Figure 9 shows the estimated yield stress against the flow
velocity in terms of the electric field strength and the approximate curves of r ., represented
as follows;

rot (E,U)=la ,E'-(a Et -y I E2)(1 -Cdn()..) ............. (10)

where, a, =0.28, y , =0.07, 83 (E)=O.0265?E 1 .

When the electric field strength E of 2 kV/mm is applied, the yield stress r . caused by
ER effects ranges from 0.5 to 0.9 kPa depending on the flow velocity.

In Fig. 10, the changes of the measurcu total pressure drop AP, with U and E are
compared with that of the theoretical one, which is calculated from eq. (4) and (5) using the
rclation of' r, (E, 0) =a ,E?. The theoretical AP, increases with increasing the
electric field strength E as well as the measured AP.1 , because of the increase of 6P,,
components. Measured A P, components slightly decreases with increasing flow velocity
, but even if the flow velocity is increased, theoretical AP,. componerts are almost constant
except a range of very slow flow velocity.

150 -- " - -

'Theoretical

"X E=2.OkV/nlrn
I. A

N
,L 100-

1.67

o.0
S50 X 0.5/m

0 / .0.5
o ,•1. 0

SP, 0. 4 x "1.67 "

0 . . . 100 ' ' -200
Mean flow velocity U em/s

Fig. 10 Compari~son of clhanges of tli:orccal tota pressure drop ASPr agains, ncal f'low
velocity U with that of mecasured oeta, in terms of electric Field Atrevsgth E'"

4. Transient Pressure Response to Step Input of Electric Field

4. 1 Transient Pressure Response
F:igure I1I shows transient responses of thc pressure in the cylinder againsl the step

input Ofl voltage to the ER valve, which can be approximated by a first order respoa•se. In
the boxttom side ol the figure, the approximate first order responses are drawn in the

Hd-
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enlarged mainer, after smoothing the experimental responses to remove noisy components.
"The estimated time constant in *he case of Fig.l (a) is 0.i9 second, which is fairly longer
than the usual response time iseveral millisecond) of ER fluid. When decreasing the flow
velocity U es shown in Fig. I I(b), the time constant is 0.38, which is longer than is.
previous one. The decrease of the volume of EiR fluid in the cylinder under the samc
condition of the flow velocity as the case of Fig. I I (b), shortens the time constant from ).38
to 0.21 second as seen in Fig.11 (e). Thus, '.he time constantTdepends on both of the flow
velocity U at the ER valve and the voluij-e V, of the ER fluid in the cylinder. Therefore, it
is supposed that the transient responses of the pressure in this experimental system result
from the compressibility of thc ER fluid.

tAM 660v 7tX)[ - -

I(. I

14

i136I 4 3 4
17

20 4 =0.2\ = t,, s24

631k 631K

S -- Smeoothing . .Aun

App.. .m... .-- .,m, ,
3 4 4p n , 4

Tune ýCTuiieC cc

ta) U 17.82 c ins. Vc= 572cmii (h) U=537 cm'js. Vc= 572 cm

2, x

1t2

7 Fig. It I Frailsi'ifl picasure responsces to ste'p velage
inplut to E"R valvc, Mihch can be approxianatcd

-- xpwu.~~w tolw tulsiorde:, andtihcinicasujrcdujnieconustnits

2 3 4 '.wimh d;ependi on ima~n ftow velocity U and"I I'UC t the vo tune of I:R fluid in the cyl'inder Vc.

i.c) U= 537 cu/s. Vc=289 cit'
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4.2 Theoretical Analysis on Transient x
Pressure Response
The transient pressure responses are A

invcstigatcd theoretically for the analytical
model as shown in Fig. 12, assuming the P"V' A1  P a
compressibility of ER fluid. The
conservation equation is givcn as cq.( I1), 0=-Qo+AQ
and thc relation bCLweCn the flo%% rate Q
and the pressure drop A P, P -,-, across
the ER valve is giver, as cq.(12), P=P,+AP
considcring a fluid inertia and a flow Fig. 17 Analytical model for transicnt prcssure
resistance within the ER valve channel. response.

K d d%: .-L7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (01)

plI dQAI dt rRIQ =P--Pa ................................... (12)
A, di

where, K and pare the bulk modulus and the density ul ER fluid, respectively, A is the
area of the piston, and A, and R,, are the cross sectional area and the flow resistance of the
ER valve channel respectively. Assuming very small fluctuations of the pressure P and the
flow rate Q around the equilibrium state denoted by zero subscript, and considering the
relation of A(d"-dt)=Q, in a steady state, transform the eq.( 11) into the following equation.

VL Cd A P P -A Q ...................................... (13)

K di

And also, by considering the small clhange AR. of the flow resistance caused by ER
effects, the equation (12) is transformed as follows;

P AQd AQ-.-RoAQ = AP-QoAR. . ....................... (14)
A I di

where R,,,= (DU - Py)IQ'. Eiiminating AQ from the eq.( 13) and (14) derives the following

differential equation whclh represents the response of- AP to AR,,

I VR no d .=AR,.-.............(15)

AI K d12  K dt

And, by applying the Laplace transfonnation to eq.(15), the transfer function of the prc3suLe
P to the resistance R. of ER valvc is written as follows:

P(S) . Q /C................................ (i6)
R (s) Ls2 +R1ts+lIC

where, s is the Laplace operalor, L=pI, 1A1, and C=VYK. This transfer function is
second order, but wie measured response of the pressure is approximated to be first ordor as
mentioned in section 4.1. Therefore, it can be considered that there is almost no effect of

ao ~ l'•
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Lhe FkR fluid inertia %lihiii the chasi'n4, -] the picUr c j3i%%c %i~ o. neglo.1inj the iiWcitiai

ol LR fluid 4&nd asumting that the llois% ies%Uu.iXi~ Mait' in ;)i'bp "'izaIiw o O1W vqu.alL "I
input volitage to ER '.aI~ e Ift~sl = aVs).tht: 44llIii g infttr~i o-'dei wiawli:T I un~ tivn ot thec
plessurC P (s)to thr s44thle-i *infput %'otaFtC VW' %)2 gi%..n, VhSClt~ UtA~C C01tl-t.iitL 1'1 R. V K.

V(N)2 1+7'.
Fromn the fact that the time constant is calculated wtx- %e ssiat mlisecond which i% lairii
shorter ilhan the miewsured Lime constant, it can be conilAuded tkst tile measurcd prCs-sure
response% are independent oif the inhcrcnt comipressibility (if R flud.J

4.3 Tranisienit Pressure Response Due to Compressibility of ER F!uvJ Containing
Air
In this section, the measured transient pressure rcspontses are understoUi assuming

that the tested ER fluid contains soine line air bubbles. Thc assumption 0f iscntropic Ntae
change of air gives the bulk modulus of nir; K_= K P,. where K is tile specific heat ratio of
air, and the time constant of the pressure response represented by the following equut!t)n.

T =R .,v. 1K_. ....................................... 118)

where, v,, is thc volume of air at the equilibrium pressure P,.
Figure 13 shows the comparison of the meaured time constants with the theoretical

time constants which are estimated From cq.(18) by assuming that the volume fraction ofuwr
to the ER fluid is 0.5 %. Changes of the estimated time constants against the cylinder
volume V and the flow \'elc-ity U are almost similar to that of the measured time cons~arnts.

0.5
U cails 5.37 17.83

Experimsent. U *
0.4 Lstiination --- ___

0.3

0 1 2 3 4 5 6
Cylinder volume V, Cmn3  x 102

Fig. 13 Comnparison of measured timie constant T with theoretical usei constant estimated from
eq. (18). in terms of mma flow velocity U and volumne Vc of P.R fluid in the cylinder.
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"The aLb'sc chlt'actritstic ol APIi A icinLe tie. oh the fitt \ ltlii. mcan%' that. in the Lt.'.c oi all
ER damper, the damping petit a titanct AOlSe'. til.te l it 'h• ,clitteit it, i1Cic:.Ld.

The mcasurcd trant•enit step lesp•ttns, -, tilhe piCtUIt could be Appiolnimated it) be lir.t
order. The measured using time co. Unts of tilthe iet.%Ix'. %t.crc Ifal) linger than the
usual rcsponse tLime if LR fluid, and chang'ed %kith tile Ihm , 'Cltx-lt\ and the ER Iluid
voluime in the cylinder. The ,itw.itil ,ii thc tiatwiicln ChinltlciitliS is dut tot the
compressibility ofi air containing n ditc th R fluid, and the piesute ie'ponse in this syste.m
can be cstimated from the dynamic analytical model Muhich is led b, consilernng the

compressibility of ER fluid containing an
The aboec observations obtained in this ieseuach are imiportant lot the design and the

engineenng application oi E.R dcv ices.
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ABSTRACT

A high-speed reciprocatinig arrechanisin is descrilied ini order to provide the basis of a
general investigation into the required properties of clcerro-theological fluids and
associatrd miaterials for use in flexible, inertial mechanisms, lire dynamic mrodel of
this. when run for realistic existing iinrchine requirements clearly illustiair the need for
a fully integrated approach to high rioced mnachinecry design lire work scrs quantifiedt
targets and draws attenrI4u Io thse treed for the continuing developmient of improved
elcctro-rheological fluids which will have high yield stresses with acceptable viscosities
and the conditiuns they mrust operate under high shear rates. centrifugal loadings atid
aeccelerationsr.

1. lIitroductiton

Industrial orgaimriations are consturitly seeking ito Imiprove tire quality arid reducc
tire cost of their output. 'I his result-a in two, often conflicting, requirements for new
processes and tnaclirrres I irstly. thle speed of' operatiotn shoiuld lie uprated, which
ini-crnses thle i tho Lighptrlt. Secoiidl y, tire flexibility of the mnacli lie should hc improved.
wh ic rcli tidces the timec spenit iii changinig the mlaCli1 W ret p rod tre a modified ori di fferenir
output. Improved opciational speeds canl sonietlines be achieved through thle use of'
purpose-marie machintes, oftenr using mechanical mechan isims stuch as linkages, gears and
camis. However, these tend to he iitflexiblu and very long delays call occur whilst tile
machine is re-configured in order to modify or change, the output. Onl tho other hand,
electro-magnetic machines using devies such as conltrollable motors. solenoids and other
ci ectro-magnetic devices tend to be more flexible, thus reducing change-over times.
However, they do tend to hiave; signiricarit ineiiias and also tileC fairly long time constants
associa!ted with clectro-n-agnetic devices; both of these will limit thle speed of operation
of the machine. Thus whilst flexibility is improved, the output speed is often I'lmited and
is usually less than a lpurpose-liadc mechanical machine, This dilemmua between output
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speed and flexibility is a coinnon feature of high speed machine design Furlher, it
highlights the necessity of* adopting a fully rnecliatronic approach to the design of any
high speed machine. That is a full inechatrunic miodel of the design is required to
investigate the comple-it interactions between the mnechanical and electrical parameters of
tile machine. in order to give resolution at high speed.

onc technological area which is showing signifiicant promise in the development
of high speed machines involves devices which usc Electro-Rheological fluids. one
Elcetro-Rheological device, a rylindrical clutch, has demonstrated potential benefits in its
speed of operation and controllabilityt1. This paper will describe the use of the clutch to
produce a high speed reciprocating mechanism. One aspect of a mechatronic model
developed to describe its dynamic performiance is described and results showing the
performance are presented.

2. Reciprocating Me~chanism

53)

( ) CLUTCH A CLUTC H 8 J

Figure I Selientatic view uf high speecd etectio-rheological recipi-ocating mnechanisni

A schematic view of the high sp~eed reciprocating mechanism is shown in figure
1. It consists of two vertically mounted cylindrical electro-rheological clutches A and 13.
Thle linput rotors (1) of cach clutch are driven in opposite directions by their own speed
cot.!rollable electric motol-3. An important conceptual, feature of thle clectro-rheological
clutch usad in this arrangement it that the input rotor (1) should run at a constant speed
throughout Jie reciprocating cycle. This is effectively ach~ieved by having the inertia of
the input rotors and the elcc~ric motors large compared with that of the output rotors (3),
pulleys (4) and bolt (5). The belt could, for example, carry a positioning arm-.
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The vertical configuration is chosen in order to eliminate the need for bearings or
seals in contact with the electro-rheological fluid (2) so as to minimisc the frictional
losses on the output rotor (3). The output rotor (3) is constructed using a plastic material
with a conducthng material, coated onto the high voltage electrode regions; for safety
the input rotor (1) is earthed. The output rotor (3) is connected to a pulley (4) which
drives the reciprocating belt (5). The materials and constructional details for the output
rotor, pulley and belt need to be chosen to keep the inertia of these parts as low as
possible. This enables the reciprocating mechanism to respond quickly to changes in the
electro-rheological torque applied to the clutches.

p o s t iv S u . S r

r'otational positive belt direction

dlrection T2 1 3 10 6] t4 5( CLUTCHA .1 S CLUTCH b

Portion of 13M1 Clutch A Clutch 1

belt imotion speed Itrgised Slapping Ftergiscd Slipping

0 to I .- constalt speed -u No Yes Yes No

I - A on,B off -u Yes Yes No No

I to 2 - slowing -uW v i 0 Yes Ycs No Yes

2 - 6topped 0 Yes Yes No Yes

7 to 3 - accelclating 0 " V '. u Yes Yes No Yes

3 to 4 - constant spec i u Yes- No No -_Yes

4 -A off, B on u No No Yes Yes

4 t- 5 - slowing u 1 v Ž 0 No Yes Ye s Yes

5 - stopped 0 No Yes Yes Yes

5 to 6 - acceierating 0; v 2 -u No Y:s Yes Yes

6 - 0 - constant speed -u j No Yes YcN No

Figure 2. Reciprocating cycle.
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"Tihe reciprocating cycle is defined in figure 2 and is produced by aiternating
which clutch, A or B, is energised. Important parameters defining the reciprocating
cycle are the constant belt velocity, u; the constant velocity travel distance, su; the
stopping distance, ss; the run-up distance, Sr; the travel, Is; the time at constant
velocity, tu; thc stopping time, ts; the run-up time, t r; the turn-round time, rtr; and the
cycle time, tc. Relationships between these quantities are given by

ls=sr+4u +Ss tIn,= t s+tr I,= 2(tr +t I+ts) (1)

3. Simulation Model

3.1 Assumptions

In order to develop a dynamic model the motion of the reciprocating mechanism
a number of assumptions need to be made; these will now be detailed.

1. The electronic excitation to both clutches A and B can be switched on and off
with negligible and repeatable time delay. That is the excitation is considered to be a
perfect step input. Justification for this is given in2 where, rise times of 20 ýIs have been
measured.

2. The electro-rhcological torque follows this step electronic excitation change
after a short electron-hydraulic time delay, 1,n*. Typically this delay between switching
on, or off, the electronic excitation and the development of the electro-rheological torque
is of the order of 100lts and is repeatable for given conditions of operation. The effect
can thus probably be allowed for by initiating the electronic excitation step before the
electro-rheological torque is required. Additionally the full electro-rheological torque is
assuned to reach its short time value3 instantanieously, that is with no significant rise-
t~ine. This is a difficult value to measure due to the lack of suitably fast response torque
transducers. The electro-rheological torque is therefore treated as a pure step function
in both the on and off modes.

3. Durng the electron-hydraulic time delay it is assumed that no change in
velocity of the output rotors takes place due to viscous drag.

4. The velocity profile across the clectro-rheological fluid is assumed to be linear
during the acceleration period, that is during clutch slippage. There is no known basis
for this assumption since the acceleration of a plastic constitutive form has not been
investigated in the time domain. It does, however, enable the viscous torque on the
output rotor to be specified.

5. The effects of fluid inertia are ignored, that is no allowance is taken of the
torque needed to accelerate the fluid surrounding rotors during slippage. Again no real
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basis exists for this assumption, but some initial assessments suggest the inertias will be
negligibly small, for inter electrode fluid gaps of between 0.5 and 1.0 nuni.

6. Frictional losses on the output rotors are assumed to be negligible since there

arc no seals and the rotors are mounted on baill bearings.

7. Isothermal conditions only arc considered, but see 4.

S. The clectro-rheological shear stress cc is assumed to be invariezit -with the
shear rate 'Y and the zero volts viscosity pi is assumed constant.

All dimensions, masses and inertias have been calculated from drawings used to
produce an experimental rig which is currently undergoing proving trials.

3.2 Model Developninent

v rta a t,,
(positive direction)

___ Out PUl OUTPUT
R01 OR loll -~ ROTOR

1 01A -- CLUTCH A CLUTC14 B

positive
I ~rotational(1) direction

dirction ot input direction of mnput
rotor for dlutch A rotor for clutch B3

Figure 3 Free body diagrams for reciprocanoig? ýic,,iannmii (clutch A enei-gised, clutch B no0t
energistd).



498

The free body diagrams fbr the two clutch output rotors with their associated
pulleys, and also for the belt, are shown in figure 3, for a typical position when clutch A
is energised and clutch B is not energised. The linear motion of the belt (displacement s,
velocity v and acceleration a) are related to the angular motion of the pulleys/output
rotors (rotation 0, angular velocity m0. angular acceleration a) by

s = rO v = rw a = ra' (2)

where r is the effective radius of the pulley. Both s and 0 are zero at the centre line
position 0 in figure 2 when the time t is also zero.

Considering firstly the energised clutch A. The electro-rheological torque Te on the
output rotor is given by

2 2

where Te is the electro-rheological shear stress, do and di are the diameters of the outer
and inner surfaces of the output rotor, leo and lei are the clectro-rheologically active
lengths on the outer and inner surfaces of the rotor respectively.

The viscous torque T7A on the output rotor is given by

ci di
2 2

where g is the fluid viscosity, YoA and i/A are the shear rates onl the inner and outer

surfaces of the output rotor respectively. /,o and 1,q are the vis( usly active lengths on

the outer and inner surfaces of the output rotor respectively. The shear rates ý.A and Y•,A

are assunmed to be given by

( t-oJ) d, (., O-0) d,

- _2 2 (5)

where 12 is the angular velocity of the input rotors, ho and hi are the radial gaps between
the input and output rotors for the outer and inner gaps respectively, and o( is the angular
velocity of the output rotors at the general instant in time I.
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Ilence, putting (5) into (4)

T. (,vdo,3 + 3,d 6
4 It IdhiL ;, 4;,, )

Applying Newton's second law to the output rotor A together with its pulley gives

T7 + ToA - Fjr= la (7)

where FA is the force between the pulley and the belt and I is the moment of inertia of the
output rotor and pulley assembly.

Now considering the un-euergised clutch 13, The viscous torque To/? on the output rotor
is given by

~do diTO ,1(4olo--+t1ii(zrd~ili )-i-- (8)
2 2

the shear rates Ojj and YjiB on the outer and inner surfaces of the output rotor
respectively, are given by

(.(I + ro) • •+•)d

2011 2 yal 2 (9)
ho h;

IHence putting (9) into (8)

jL 3 3
7 ,l trp I '--+ ... i(Q+ i€o) (10)

4h, 4h, )

Applying Newton's second law to the output rotor 13, together with its pullhy, gives

where - iOlt t ,t b 11t)

wheire lFB is tihe force between the pulley and thle belt.
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Finally, considering the belt and applying Newton's second law, gives

FA - F 8 nma (12)

where m is the mass of te belt, and using (2)

FA - FB =rra (13)

Combining equations (7), (11) and (13) give:..

Te + ToA - ToB = (21 +nr2)a (14)

Combining equations (3), (6), (10) and (14)

ýQ + J Q2 +- 11,o d 2
21t~, 2h, ) 2+i )f (5

but a = d and Cherefore

(21 + ut2)dco

2 ...... . . .
0 0 + I wd1

Equation (16) is the basic differential equation defining the motion of the clutch from the
moment that clutch ?, is energised (point I on figure 2) until the instant wlwn no Flipping
is occurring at clutch A (point 3 o.i figure 2). An identical equation can be derived to
define tc me .ion when clutch 13 is energised (point 4 to point 6 on figure 2). Between
points 6 to I and points 3 to 4, the motiov is simply constant velocity.

In order to simplify the analysis further, let

A 21 +tnr 2  B13 2- ) 2 + , C np d + /mid -j (17)2- lt-- ) .. ..hi -



501

equation (16) then becomes

A
dt A d(o (18)

B-CCO

This equation is of standard form which can be interpreted to give the following
equations which define the motion of the belt.

(a) Belt position s, toelt velocity v, pulley angular position 0 and pulley angular
velocity oj at the instant in time ta after the clutch A is energised.

B,_ (B+CO) Cf
v = r,=r • e "(19)

s=ro=- Bt- ( f+{Ile A]" (20)

(b) Stopping time ts, stopping distance, ss

ts =A In' [ J (21)

s- (B+M) 1-e- (22)

(c) Run-up time tr, run-up distance, Sr

tr In[ B-C] (23)

S, AR (24)
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The complete motion is described using the appropriate combination of equations
(1), (2), (16), (19-24). Typical results and their implications are discussed in the
following section.

4. Reciprocating Motion

In this section the general features of the motion predicted by the analysis will be
detailed. Consideration of the effects of changing geometrical parameters and fluid
parameters wili then be discussed.

4.1 General features of motion diagrams

Typical values of geometric and fluid properties are given in table 1; these are
based on an experimental rig currently undergoing trials. The reciprocating cycle was
defined in figure 2 and using the equations developed in section 3, the displacement,
velocity and acceleration diagrams shown in figure 4 are derived. The iwiin features are
the steady velocity portions (points 6 to 0 to I and points 3 to, 4) and the turn-round
periods (points I to 3 and points 4 to 6). The analysis outliined in section 3 was for when
clutch A was energised, that is during the portion of the cycle I to 4, the remainder of the
cycle 4 to 0 to 1, is when clutch B is energised. Similar equations can be developed for
this -ortion of the cycle, or the inhereat similarity of the turn round periods can be used
to generate the full cycle shown in figure 4.

TABLE 1 Typical values of geoineuic and fluid properties

ipnrerrfacc of output rotor

- diameter di ý 47.0 mm
- inter electrode gap hi = 0.5 mnm
- electr--rheologically active length lei = 30.0 mm
- viscously active length lvi = 30.0 mm

ouier surface of output -otor
- diameter do = 51.0 mnni
- inter electrode gap h0 = 0.5 min
- electro-rheologically activc 'ngth leo = 30.0 rnni
- viscously active length 1vo a 40.0 mm

effective radius of pulley r = 39.55 mnn
constant speed belt velocity v = 5 m/s
input rotor angular velocity 0 = 1207 rpm
moment of inertia of one output rotor and pullcy assembly 1 = 3.83 x 10 -5 kg
m

2

mass of belt in = 16 grams
electro-rheological shear stress of fluid Te 10 kPa
fluid viscosity p - 100 in Pa.s
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Figurf. 4. Typical motion diagrams for one complete reciprocating cycle (parameters and

properties defined in table 1).
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Consideration of the velocity diagram indicates that the portion from points I to 3
is not linear, although in this instance it is very nearly so. The non-linearity is also
indicated by the acceleration not being constant during this period as seen in the
acceleration diagram. Although the electro-rheological torque, Te, is constant during
this period, the viscous torque, TOA, which is helping to accelerate the output rotor of
clutch A, drops from a maximum at point 1 to zero at point 3 when the input and output
rotors of clutch A are rotating at the same speed, namely n. Further, during the same
period the resisting viscous torque on clutch B, TOB, increases from zero to its maximum
value. Thus the torque on the output rotor falls from point I to point 3, and therefore so
does the acceleration; this is precisely what is seen in figure 4. A further point of
interest is the large value of peak acceleration of 1000 Di's 2 , or approximately 100 g,
where g is the acceleration due to gravity.
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0 20 40 Go Go Iw 120 140
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0 2) 40 00 00o 10 120 140

400
2 13 -4 56

320Q

o 200

0 2. 40 00 a0 l00 120 140
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Figure 5. Power inputs for a typical reciprocating cycle (paranieters and prop~erties defined in table I)-
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II

The power input to the reciprocating mechanism is important for two main
reasons. Firstly sizing the mechanism, particularly the motors, and secondly in
predicting the energy dissipated in the fluid which will result in temperature rises in the
fluid. The power input to a clutch at any instant is found by multiplying the torque on
the clutch rotor by the angular speed of the motor. Results are shown in figure 5 for the
motors on clutch A, clutch B and the total power input to the mechanism. The main
feature to cmerge is the relatively large power needed during the "turn-rourld periods"
compared with the "steady velocity" periods 5 . The former is needed to provide the large
accelerations during the turn-round period, whereas the latter is required to overcome
viscous losses whilst maintaining the velocity constant. Both these eventually result in a
rise of internal energy of the fluid, and hence increased temperature.

4.2 Effects of changing geometrical parameters

12-

E .. .... ... Total Inertia

E .- - - Pulley Inertia

....... Rotor Inertia

o 0.... Belt Inertia

4
-.. Electrode

I-- Platin g Inertia

0 0.2b 0.5 0.75 1

Inertia Reduction Factor

Figure 6. Effect of reducing inertias on the turn-round time.

Any changes to the geometric parameters will affect the torques, masses,
moments of inertia and hence the turn-round speeds of the mechanism. One way in
which• to increase the speed of response of a mechanism is by reducing its inertia, either
by using a lighter material or through detailed dimensional changes. The effects on the
turn-round time (ttr) of reducing the inertias of various parts of the mechanism is shown
in figure 6. An inertia reduction factor of I is no change from the values given in tabl(
1, a value of 0.5 is half the value, and a value of 0 is the utopian value of zero inertia.



Two important features emerge from figure 6, firstly, as would be expected, rcducing thV
total inertia significantly reduces the turn-iound time. Secondly, and perhaps more
importantly, figure 6 gives an indication of what features are worthy of effort in reducing
the inertia. For example, the electrode plating inertia even when reduced to zero, from
tie present level produces a negligible decrease in turn-round time.

25

-. 20

o C

S5

0 I .I I

20 30 40 50 60

Pulley Radius (mm)

Figure 7. Effect of changing thle pulley radius, whilst increasing the motor speed to keep the beW.
speed constant, on the turn-round time.

A major requirement of the traverse mechanism is that the belt should have a
constant velocity, in this case 5 m/s. This requirement determines the relative values of
the pulley radius (r) and the motor speed (0). the product r.n giving the belt speed.
Figure 7 shows the effect of varying the pulley radius whilst changing the motor speed to
keep the belt speed constant, all other parameters remain unchanged. There is a
minimum value of 28 mm. Below this gains in reducing the pulley's inertia arc offset by
tle higher rotational speed of the motor which increases the viscous drag and the speed
change of the rotor during the turn-round period. Above 28 mm the reverse situation
applies.
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Uiguie 8. Effect of chinging the length of (the rotor, whilst keeping the electro-rheological torque
constant by altering the diameters, on the turn-iound time.

For a constant elecwro-rheological shear stress fluid, the electro-rheological torque
depends on the area and diameter of the rotor. Figure 8 shows the effect of reducing the
output rotor diameter whilst increasing the length to keep the electro-rheological torque
constant, all other parameters are kept identical. The improvement approaches an
asymptotic limit of a very long rotor with a very small diameter, that is when the inertia
approaches zero. Clearly such a rotor would be impractical, nonetheless figure 8 does
indicate that, for this example, whilst significant gains are made at low rotor lengths
little is to be gained for rotors in excess of approximately 40 mm in length.

4.3 Effects oftchangingfluidparaineters

The preceding section indicated that reductions in inertias f,'om those of the
prototype rig, given in table 1, would be advantageous in reducing the turn-round time.
in view of this realistic reductions in the inertia will be included for the study of the
effect3 of changing the fluid parameters detailed iii this section. The two changes made
are given in table 2, all the other parameters are left as given in table 1.

TABLE 2 Reduced values of inertia and mass for the fluid parameter study.

Pulley inertia reduced by 50% - new inertia of the rotor and pulley
assembly is I = 2.83 x 10-5 kg m2

Mass of the belt reduced to in 7 grams.

• ,4,.'
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Figure 9. Mction diagrams for different electro-theological shear stress fluids (parameters defined by
table I and modified by table 2).
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The motion diagrams for three different electro-rheological shear stresses, re = 3,
7 and 15 kPa, are shown in figure 9; each case has the travel length Is kept constant at
250 umn. The important parameters determining these diagrams are given in table 3. A
number of interesting impro vements emerge from figure 9 and table 3. Firstly as the
shear stress increases from re = 3 to 15 kPa, the cycle time reduces from tc = 126.3 ms to
105 ins, whilst at the same time the length at constant velocity increases from su = 178.1
mm to 237.4 mm. Thus the useful constant velocity stroke length is significaidly
increased whilst the overall cycle time is reduced. Secondly the velocity changes
virtually linearly during the turn-round period I - 3 at the higher shear stresses. On the
converse side, the acceleration rises to a peak of 2184.6 m/s or 222.7 g a* -e = 15 kPa
compared to 593.4 m/s2 or 60.5 g at te - 3 kPa. Further, the corresponding peak power
rises to 472.1 W from 128.3 W with its implications for motor size, The lower power
required over the constant velocity portions of the cycles remains the same at 84.6 W.
However, since the higher power during turn-round acts over a shorter period, the overall
energy input to the fluid per cycle is similar, and so the heating of the fluid is not affected
to a great degree.

TABLE 3 Paramineters defining the traversing cycles shown in figure 9.

Electro-Rheological Yield Stress
Te kPa

3 7 15

stopping time is ms 10.2 4.89 2.40

run-up time tr ms 17.3 6.05 2.64

turn round time tir ms 27.5 10.9 5.04

constant velocity time t4 ms 35.6 44.5 47.5

cycle time tI ms 126.3 110.9 105.0

stopping distance ss mm 23.9 11.8 5.90
run-up distance Sr mm 48.1 15.7 6.73

turn-round distance s5 t. mm 72.0 27.6 12.6
constant velocity distance sz, mm 178.1 222.5 237.4

cak belt acceleration ah m/s2 593.4 1123.8 2184.6

peak total power P7 " W 128.3 242.9 472. 1

constant v( loeity power Pj W 84.6 84.6 84.6
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Figure tO. Effect ofelectro-rtieoiogicait shear stress and flufid viscosity on the turn-rotind time.

The turn-round timte, /pr gives a good indication of tile usefulness of the cycle,
and its variation with celctro-rheological shcar stress 're for a variety of fluid viscosities
(p) is given in figure 10. For high electro-rheological yield stress fluids thle effiects of
viscosity on run-up time are small, whereas for lower yield stress fluids the effect is
significant. Indeed, for lower electro-rhcological, yield stress fluids thle higher viscosity
fluids will never turn-round as indicated by the near vertical curves. This fecature can be
understood if the mnotiont after clutch A is energised is considered inl conjuinction with thle

Te= 3 kVa velocity and acceleration curves shown in figure 9. During thle acceleration
period (point 2 to 3) the clectro-rheological driving torque has to overcome the viscous
drag onl clutch B. As clutch A approaches thle motor speed (i.e. the slippage is very
small) then the relativ~e slippl;tge at B3 iplroacehs the maxinmun. If the viscosity is too
high, then the viscous torque will reach the value of the electro-rhleological torque being
applied to clutch A and therefore the rotor will cease to accelerate. Onl figure 9 this
reduced acceleration is clearly seen and results in the distinct curve in the velocity motion
diagram as the belt speed approaches thle steady state belt slpeud uS 5 nas. I lowever, foir
thle case shown in figure 9, the mechanism still turns round. Mathematically this feature
canl be seen in the run up time equation (23). The integral is only valid when B>CQ2,
that is whenl thle electro-dieological torque Te is greater thain the peak viscous torque.
For the case studied this canl be further illustrated by plotting the 'ýlectru-rhieological
shear stress against the fluid viscosity as shown in figure 11, which shows legions where
die mechanism will or will not run-up.
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Figue 13 Effects of Changing the inter electrode gaps on the power consumed during the constant
velocity portions of'the reciprocating cycle (ho - hi).

A high viscosity fluid increases the turn-round time, increases the power
requirements and increases heating of the fluid; all of which are undesirable. One
method to reduce the viscous torque for a given fluid is to increase the inter-electrode
gaps ho and hi. An increase in the voltage across the fluid is required to maintain the
electro-rheological torque which of course must be considered and which will limit the
gap increase that is feasibleI. It is for these reasons that changes in gaps, a purely
geometric change, is included in this section. The effects on turn-round time, of
increasing the gap from 0.5 nmm to 1nm is shown in figure 12, At the higher viscosities
the effects are significant, indeed for higher viscosity fluids the mechanism may only run
up with the larger gaps. The advantages in turn-round performance tend to disappear at
the lower viscosities, however, the reductions in fluid heating and power consumption
will remain as shown in figure 13.

Finally, the results detailed so far have been for a fairly high belt speed of 5 m/s.
Figure 14 shows the turn-round times for belt speeds of I - 6 a/s clearly illustrating the
very rapid turn-round times which are in prospect at these lower belt speeds.

al•
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conclusionis

A high speed electro-rlieological reciprocating mechanisml has been described
ard an ideal dynamic model describing thle motion developed. Considering the effect
that changing thle variables has on the system perfonnance, the need for a fully
integrated mechlatronic approach to high speed machinery design bringing together
dynamic, heating and electric'al design aspects is substantiated. Additionally, electrical
supply, control of' cooling. constructional materials and more accurate fluid properties
need to be conisidered. Thc limiting upper viscosity miay well be governed by the
hecating of the fluid4 rather than by dynamic considerations. The effect of temiperature
onl viscosity is likely to be a vety important parameter, a rise in temperature will reduce
viscosity but incerase conductance. The requimenients stated in this paper are only onl the
basis of ideal dynamnical considerations.

Thle need fur continuing fluid development has also been highlighted. The
provision of high speed mechanismus such ats the one described will require high yield
stress fluids with acceptable viscosities. Further they must operate and be durable at the
high shear rates, centrifugal loadings and accelerations illustrated by the mechanism
described.
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Nomencilalure

a belt acceleration

ab peak belt acceleration

AB'C simplification terms (Equ 16)

di, do output rotor diameters (inner, outer)

FA, F•J force between pulley and belt (clutch A, clutch B)

g acceleration due to gravity

hi, ho radial gap between input and output rotors (inner, outer)

I moment of inertia of output rotor and pulley assembly

lei, leo electro-rheologically active length on output rotor (inner, outer)

4vi, NvO viscously active length on output rotor (inner, outer)

Is travel length

/i mass of belt

P7l pcak total power

Pu constant velocity power
r effective pulley radius

s distance of belt travel (zero at centre line position 0)

sr run-up distance

Ss stopping distance

Su distance at constant velocity

I time (zero at centre line position 0)

tf time after clutch A is energised at position I
IC cycle time

it' run-up time

Is stopping time

Itir turn-round time

Illm electron-hydraulic time delay
III time at constant velociy

Te clectro-rheological torque
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T0 .4 , T011  viscous torque (clutch A, clutch 13)

14 constant belt velocity

V belt velocity
a angular acceleration of output rotor

'YOA' fj4f fluid shear rate, rotor A (inner, outer)

Yoji, YiBj fluid shear rate, rotor B (inner, outer)

0 angular position of output rotor (zero at cuntre line position 0)

A fluid viscosity at zero v2_:.

Te clcctro-rhecological shear stress

Wo angular velocity of output rotor

F2 angular v'elocity of input rotor (constant)
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ABSTRACT

['article fillers can be assembled in an uncured polymer using the mutual
dielectrophorctic effect. 'This chained nticrostxucture can be "frozen in' by curing the
polymer mnatrix to formi advanced composites. Assembly alignment conditions art
dependent on both electric field strength and frequency. The optimunm electric field
frequency for dielectrophoretic assembly may be detcrmsincd via in-situ optical microscopy
auid electrorheological mneasthrezniews. Thv potential of thc dietcetrophorctic assembly
process is to intelligentty fabricate a nwniber (if cerainic-polymer composites for varoios
electronic applical.a)-ig such as micron-scale devices for packAging.

I ntrodlucti on

Composites are multiphase matcrials whose components are mechanically
separable, and which exhibit properties unattainable in any of the constituent phases. The
properties of a composite material are controlled through the material selection, volume
fraction of these materials, connectivity, percolation behavior and anisotropy. For tltc
typical case of a polymer matrix and ceramiic filler composite, the dielectrophoretic
assembly lcchnique c~n induce unidirectiotnal alignment or chaining of the filler phase
wiwin zhe uncured polymer. 1-3

The spatial redistribution of filler and the asscciatcd changes in physical properties
are due to a connectivity transform atiot-. Connectivity is essentially a means to describe the
interconnection of the component phases in a composite material. Newnham developed a
sell-consisted nomenclature to describe the connectivity of composite: materials. 4 For a
given number of components (n) in a composite, there is at finite set of connectivity patterns
gtven by the expression:

(n+3)! I
3! n!

In the case of a diphasic composite material (n=2), there exists ten possible connezzivity
patterns. The first term in the notation refc s to the dimensional interconnection of the filler
phase, while the second term refecrs to the matrix phase dimensional interconnection. In the
0-3 conniectiv'ity case, Figure la, a filler phase is dispersed or self-conticcted and hias,
therefore, zero dimensional interconnectiotn. The matrix phase is continuous in all three
.'irceton anteeoe a -dimensional interconnection. This differs from 1-3
connectivity. Figure lb. where the active filler phase is contitnuous in one direction, as is
the case- ofipar-allel rods in a polymer matrix. With the dielectrophoretic assembly process,

- ---- ---- - ---- ----- -. -. -- - - - -
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0-3 1-3

Figure 1. Schenmatic connectivity designs. In this diagram, the filler is represented by the colorless
regions and thie natrix is represcated by the shaded regions. As can be seen, the 0-3 design uonsists of
isolated particles in a continuous matrix. The 1-3 design shows the filler connected in one dimension in the
continuous inatrix.

Metal electrodes Metal electrodes

o 000000 00

0 0000 0 00

particles Matrix particles Matrix

E=O E*O

Figure 2. Schematic showing the unidirectional agglomeration phenomena. At zero applied field, the
p ticles stay in a dispersed state. Upon the application of an external electric field, dipole-dipole interaction
causes particle chains padlel to the applied field direction.

we have the opportunity of developing a 1-3 connectivity from a disperse 0-3 connectivity
case (Figure 2).

The redistribution of particles under diclectrophoretic assembly can strongly
influence the relative physical properties. 2,5.6 This occurs because of the relative change in
the series and parallel property mixing in the composite. The result is an anisotropy of
physical properties such as dielectric constant, resistivity, elastic stiffness, etc., within the
composite.

Dielectrophoresis

in general, when an electric field is applied to a suspension of particles, two
phenomena can occur; namely, clectrophoresis and diclectrophoresis. Electrophoresis is
defined as the translational motion of charged particles within a statio ary fluid under an
electric field. Dielcctiophorcsis is defined as the translational motion of neutral matter in -
non-uniform electric field. This motion is caused by an induced polarization which
interacts with a non-uniform field such that the particle migrates to the region of higher field

/•O
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intensity. In the case of a suspension in whictl the particles arc of a higher diclel:ric
constant than the surrounding fluid, the electric field lines are perturbed such that a non-
uniform field is generated between the particles, resulting in a mutual diclectrophoretic
effect that draws particles together parallel to the applied field.7 This process is equivalent
to a dipole-dipole inLeraction between the particles such that the attractive potential is given
by the expression:

U) ( 1-3 cos20)U(r) = v. -3 CS
r3

where: v = and P = - (2)
Ef t:p+2cf

6 - orientation angle of particles relative to the applied electric field
r - interparticle distance
P - effective polawizability
a - particle radius

p- dielectric constant of fluid of the particles, respectively
.4CEl , _appliedt.

The orientation angle, 0, influences the sign of the dipole-dipole interaction. At a
critical angle of approximately 55, the potential changes from an attractive to a repulsive
interaction. Hence, particles located parallel to the applied field will be drawn togeth"r
while those located perpendicular to the applied field will repel each other. It is the dipole-
dipole interaction between all the particles in the suspension which redistributes the filler
particles into chains along the applied field direction, as shown in Figure 3.

S-,rE

(a) (b)
Figure 3. Optical mnerographs showing SrTiO3 dispersed in a silicone elastornr polymer. Figure (a)
shows the zero applied field case while (b) shows the chained wicrostructure. (After Bowen. Mlhala,
New•hana aind Randall).



519

Matrix Materials

There exists several general requirements necessary for matrix materials in the
dielectrophorctic a-sembly of composites. The first requirement is that the matrix must be
insulating with both , lower dielectric constant than the filler and a low dielectric loss. This
permits the induced polarization of the filler phase which, in turn, allows the
diclectrophoretic chaining process to occur.

Secondly, the polymerization from the liquid state to the solid state must be a fast
process in order to limit sedimentation effects. Sedimentation can also be limited by using
a high visco'ity fluid; however, the viscosity must not be high enough to limit the
dielectrophoretic assembly.

A third requirement for dielectrophoretic assembly is that the uncured polymer
matrix mnt have a high electrical breakdown strength. This will retard the crosslinking
reaction througi- the evolution of carbon dioxide gas bubbles following the degradation of
the carntx)-based polymer materials.

T,.. ke I lists the polymers that have been successfully shown to support
dielectrophoretic assembly. The Norland optical adhesive (a U.V. curing polymer) has the
advantage of vcry rapid curing, but is only suited to low volume fraction filler applications.
Limitations of the Norland polymer exist with higher filler concentrations owing to
increased scattering and absorption of the U.V. radiation, therefore preventing full
polymerization of the composite.

Table 1. Thertnoset Polymers and Suppliers

Thermoset Polymer Trade Name and Supplier
Polyurethane 1lysol-Dextcr U50048

Silicone elastomcr Sylgard- 184, Dow Corning

Eccogel, Emerson-Cummings

Eccogel epoxy Eccogel, Emerson-Cummings 1365

Epon epoxy EPON 865 shell

Norhand optical adhesive Norland-81

Filler Materials

Theoretically, any filler material with a dielectric constant higher than the chosen
matrix can be assemblcd through the dielectrophoretic effect. Table I1 lists insulators,
semiconductors and metals which have been successfully aligned in a thermoset polymer
matrix, Insulating and large band gap semiconducting particles can be easily aligned, For
small band gap semiconductors and conducting fillers, limitations associated with
diclectrophoretic assembly exist. For example, the volume fraction of the filler material
must be less than the percolation limit. If the conducting powder is percolated, the
interconnected conducting pathways will prevent the polarization of the particles and no
chaining phenomena ran occur.
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Conductive filler particles can, as they assemble into chains, act as a catalyst for
the generation of large fields and field gradients in the insulating polymer gap betwcen
approaching particles. These field levels can exceed the breakdown strength of the uncured
polymer which can result in a retardation of the curing process.

Table I1. Dielectrophoretic Alignment of Various Filler Materials
in Uncured Silicone Elastomer t

Insulator Semiconductor Metals

BaTiO3  YBa2Cu 306.5)6 Aluminum Powder
PbTiO3  Graphite Ag covered resin balls(b)

Pb(Zr,Ti)03 SiC fibers Ag covered ac.rylic
fibersc)

S'riO3
Ba2TiSi 2O8

Z"
TiO2

SiOZ balls(a)
Manufacturers
(a) Spheriglass - Potters Indus. Inc.
(b) Mitsubishi Metal Corp.

Determination of Ideal Dielectrophoretlc Assembly Conditions for
Composite Fabrications

An electric field will induce both clectrophoresis and diclectrophorcsis suspension
in a polymer matrix-ceramic pawticulate suspension. If electrophoresis is induced, there is
a net migration of the filler to one of the electrodes. This net migration prevents
homogeneous chaining within the composite, hence limiting the advantages of the 1-3
connectivity. To override the clectrophoretic effect and induce only the dielectrophoretic
effect, alternating electric fields can be used. However, the frequency of the alternating
electric field then becomes another variable in the assembly process.

The determination of the optimum frequency for dielectrophoretic assembly can be
performed via two techniques. The first technique is the use of direct observation through
optical microscopy. This allows the visual inspection of the chaining phenomena under
various processing conditions. However, this technique is limited to low volume fractions
of filler material (<0.05) owing to light scattering effects and to particle sizes a 2.0 Pm in
diameter. The second technique indirectly determines the ideal alignment conditions
through the clectrorheological effect. As thermoset polymers a'e continually undergoing
polymerization during the experiment, a full determination of the Bingham behavior is not
possible. it was therefore necessary to determine the field strength and frequency
dependence of the shear stress at a fixed shear rate in the dynamic regime of Binghan)
plastic flow using a rotational viscometer.

From these measurements the relationship between shear-stress and field strength
can be determizred for a fixed volume fraction and alternating field frequency. As can be

----------------- ---- -------
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Figure 4. Plot of measured shear stiess versus applied field squared. Plot shows a square law behavior
for the ae fields while dc behavior shows evidenoe for the occurrence of elelrot,horetic phenomena.

observed in the typical case of silicone elastomer polymer and SrTiO 3 particles, Figure 4, a
square law behavior exists for alternating fields. The direct field clectrorheological
behavior dcparts from the square law and is believed to be associatcd with clcctrophorctic
migration of particles to one electrode. The strongest clectrorhcological effect is noted for a
10 Hz alternating field, which corresponds to the coarsest fibrils found by direct optical
microscopy.

The epoxy thcrmosets investigated here showed ideal electrorheological effects at
higher frequencies (- 750 -hz). This frequency also corresponded to the thickest chains as
observed with the optical microscope. Under direct or low frequency alternating fields, no
dielctrophoretic alignment was observed iti the epoxy thermosets. Particles flowed in a
random and chaotic manner, leading to vortices at higher field strengths aLS shown in Figure
5. Figure 6 summarizes the viscometry data obtained on four thermoset polymers. The
ideal frcqucncy, which corresponds to the ideal alignment conditions and electrorheological
effects, is plotted against the volume fraction of SrTiO3 filer for two epoxies, a
polyurethane and sihicon• elastomer. The ideal frequency conditions are volume fraction
independent, but the polymers fall into two groups. Polyurethane and silicone elastomer
optimally aligned at 10) Hz, whilst the epoxies aligned at - 750 Hz.

The primary difference in optimum alignment frequency is believed to be related to
both the dielectric constant and the loss in the frequency spectra from 10-2 to 106 Hz in
each individual polymer. The epoxies at low frequencies 10.2 to 102 Hz are dominated by
ionic space charge polariation. 8 This gives rise to an extremely high dielectric constant
and loss up to about 700 Hz. The silicone elastomer and polyurethane, on the other hand,
do not have such a significant ionic space charge contribution to the dielectric properties;
the dielectric Ioss and dielectric constant relaxes out at low frequencies (- 0.1-1.0 Hz).
Due to the extremely high mdtrix dielectric constant at low frequencies, it is improbable that
the tiller particles would polarize and undergo uniaxial agglomeration in this regime. The
diffcrences between the ideal alignment frequeacies in the tested polymers will be discussed
in more dctail in future papers.
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Figure 5. Optical micrographs showing Sfi'i03 dispersed in ais epoxy polymer. Note that when
assceibly conditions are far from ideal, swirling vortices can formn instead of - hained microstructure.
(After Bowen, Blhalla, Ncwnhaan and Randall.
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Figure 6. Mlot of the optimum frequency versus volume % filler. It was found that the optimum
alignment frequency was independent of the voiuwne fractio:n filler •ued. Also, the behavior of the polymers
fell iirto two distance regimes. Reasons for the differences in optiznwun alignmin! frequency are due to
different dielectric responses of each polymtr.

The electric field strength also has an influence on the coarseness of the chains.
This can be obseervd directly in the scanning electron and optica] microgaphs in Figure 7.
The field strength optimization is much more difficult to establish than frequency, as it is
very much dependent on the application in question. Therefore, the applied field strength is
best optimized for each individual composite.
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Figure 7. Opificai/SEM mnicrographs of 5% PZT 'in silicone elastonier showing the field delvitdetiee of
chaining. Note thai in the 500 volt ease (left). the chains are less defined thani in thie 2.5 kV ease (right).

Applications for Dielectrophoretically Assembled Composite Materials

Composite materials asseinbed utilizing the dilelctrophorctic effect c~an be exploited
in a number of potcntial applications, as summarized in Figure 8. These materials can be
utilized as thermal, mechanical and electronic devices at scales much smaller than can be
achieved with conventional compositu. fabrication techniques. Iberc we outline two
possible electronic composite applications for dielectrophoretic as~sembly.

Piezoelectric Hydrophoise

Using the direct piezoelctric effect, piczoelectric ceramics based on Pb(Zr,Ti)0 3
can be utilized as pressure sensors. However-, the performance of these materials is limited
in hydrosuitic applications such as underwater acoustic sensing devices (hydrophones) due
to transverse piezoelctric contributions. The limitations of the monolithic ceramic
sensitivity can be overcome by combining the ceramic with a polymer to form~ a composite
material. In the composite design, higher sensitivity levels are obtainable due to
enhancements Of the effective d133 coefficient via stress transfer from the Polymer to the
ceramic.9 The most sensitive hydrophones have been designed with 1-3 connectivitics
which have the advantages, Of large d33, easy poling conditions and good impedance
matching to the working enviyonment.

Hydrophones have also been utilized as biomedical transducers which allow ultrasonic
imaging of' internal organs. 'These biomedical devices require high frequency operation
(2: 1 MI-z) in order to provide accurate and distinct images. 10 To obtain these high
frequeciecis, small scale hydrophone composites are required. The dicel ecrophoretic
assembly technique providles a means to fabricate such devices on a much smaller scale
than is currently possible.
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Figur 8. otesmtial appliications fao diClerotph~loreticaliy asscuibldie compsite niatenials. 'Ihle circle chart
is read frma the criter radially outwards with titleg ýocatcd at (lie top of cach fring.

Decoupling Capacitor

Semiconductor chip packaging is a Continually developing technology. The
optimization of' speeds, space and performance requires continued readjustmnent of
processing techniques. There exists in thc near future the need for high speed digital
multichip modules (MCMs). Onc of the major problems with these packages is thce
suppression of electromagnetic noise, which continues to become a problem with higher
speeds. Inductive noises are traditionally suppressed using surface .movtritcd decoupling
capacitors which act as virtual power supplies close to the chips. Future designs propose
locating the decoupling capacitors within thle package between thle power and ground
planes. I Sine the local decoupling capacitor actually supplies the current requirel to
operate the integrated circuits during eath switching cycle, the amtount or local decoupling
capacitance per unit area must be substantial. High capacitance per unit area may be
accomplished with vcry thin dielectric layers andlor with high dielectric constant materials.
In polymer-based MCMs, this requirement becomes a problem, owing to thle intrinsically
low dielectric constants av 'ilablc. The use of diclectrophoretically assembled high
dielectric constant particles gives a possihle solution to this materials problem using the
induced parallel mixing.2

Summary and Conclusions

IDiclcctrophoretic assembly is proposed as a new novel processing technique for
ceramic-polymer composites. It has been shown to be applicable to a wide range of matrix
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and filler niateriais with restrictions on volume fraction in some cases. The ideal assenibly
conditions differ from polymer to polymer due to intrinsic differences in the dielectric
properties in the uncured state. Problems such as space-charge polarization within the
polymer and electrophorctic migration can be overcome using alternating electric fields.
Tcchaiqucs for determiining the optimum frequency arc demonstrated using thermoset
polymers. Diclectrophorctic assembly is believed to have wide implications in processing
ceramic polymer-based composites. Some of these possible applications are outlined.
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ADSTRACT

An eamainnation of the capability of an energised clectio-rheologic-0 fluid to =as t rotating uljiana I6 repotted.
A two dimensional laminar flow model based on a Bingham plastic flowing between parallel plate electrodes
indicated that leakage would alwa~ys occur whenever the shaft was in rotation, whatever the magnitude of the
limssze' gradient along the sealing annulus. T1his r-sult wasl confirmed In experimients. 61w results or which Lhow
sone diacecpancy between theory and etperlnimu in uthe magnitude of the leakage rate. I owever this error 6s
accountable ~,nd Is, aceaptabie in the area of inuacdiate interest-shaft speed of chrca 1000/1500 rpmn and at
rnaxiniuum yield cr electio-strces.

1. Introductliu

Thei Highi Speed Machines Unit ut Sheffield University is developing a lightweight, fast response catch
whtich uses an eOctro-rlteological fluid as tie wontrolled connecting mnedium. 71v-, perfortnance of Othis
horizontal axis cylindrical clutcht, shown schematically in Fig, 1. is hindered by existing sealing
problenis. Tne rubber lip =ea in current use causes undtzirable hecat generation and rotational friction.
At high speeds (3000 rpni) tie scal creates more drag than that due to tie excited '-R fluid. 1itis
sealing friction is rcstrictinp, tlc speed range. It was proposedl that this problctu could be reduced with
the use of an clectro-rheological shaft seal (inspired by the success of feno fluid seals [11).
Pcrmiancntly u-citcd Ell fluid would hopefully restraiti leakage and produce less ro~taional drag; thtan
the present seal.
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rubber lip seal , ouLer IllccLrodc

inoner ulectr de

.'.Fuid

Fig I Schematic diagram of high speed clutch

E"xperienco has shown [2,3,4] that ER fluids can be successfiully modelled, albcit
approximately, as a lingham plastic. This is possible if clectrode separation and the §izc of the plug
flow region is largo compared to the particle diameter. Also significant values of shear rate, y and
electric field strength, E must be involved. Throughout this paper the ER fluid is assumed to be a
homogeneous incompressible continuum with Binghani plastic properties (when excited) die yield
stress 'r0 depending upon E. The flow is assumed to be fully developed and isothermal. The
mathematical analysis outlined in section 2 shows that the shear (Couctte) and pressure driven
(Poiscuille) type flows are coupled, both flows in general depending upon the rotational speed and the
axial pressure gradienjt. When there is flow duo to rotation the dJiory predicts that leakage occurs. An
expression for the leakage flow rate involving fluid paraieters and seal geometry is derived.
Theoretical and experimental values of leakage rate obtained from the test apparatus described in
section 3 are compared and discussed in sections 4 to 6 and the fasibility of an electro-rheological
fluid scal is evaluated.

2. Theoretical Analysis

In die test rig flow occurs in both the circumferential and axial directions, the former caused by rotation
of the inner electrode and die latter due to the difference in pressure inside and outside the seal. Since
die gap width is small compared to the radius of the inner electrode flow is considered between two flat
plates, x - 0 which is earthed and moves with speed U in the y-direction and a fixed plate x - h which
is raised to a potential V. The pressure gradient is in the z-direction. If v(x) and w(x) denote the
velocity compoaents in ti•e y- and z- directions respectively dte two rate of strain components 1/2 dv/dx
and 1/2 dw/dx give an expression for die resultant two dimensional shear rate
y , ((dv/dx) 2 + (dw/dx) 2fA/2. From the equations of motion it follows that tie mon-zero shear stress
"txy and rxz are given by

-a, ',, =Gx+b. (1)

S~I
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where G(-dpfdz), a and b arc constants. For flow to occur the resultant shear stress (T'y + , ,z2)1/2

must be greater that the yield stress To which depends upon E. For thiu solution E = V/h and so %, is a
positive constant. Since G < 0 flow can only occur if (a2 + b2)1'2 > rt . If re <lal flow is possible
across the whole gap with no plugs present. Howcver if lal < t < (a2 + b2 )1'/ there is a central plug
with flow possible on either side. Hecre attention is restricted to the c=se when T, < ITeyl.

Using the constitutive theory presented in [51

t
x'Y (~ 21±)t d tsz -(C'+2(tK)dw (2)

where lt is the viscosity which is assumed to be constant. From Eq (1) and Eq (2) it follows that

dv To (3)

9d =G~)1 (4)
d (x~ b{ [ Ia2 + Gx +b)2]J

from which the velocity components v and w can be found.

In particular

JAW x~ - ) T [22+ (Gx + b) 2  (a2_+2b2)2]

To satisfy the boundary conditions w(O) - w(h) - 0 it follows that b - -Gh/2. lie boundary conditions

v(O) - U, v(h) -0 are stisfied for umal hit a• =-(re+AtJ / h). Both component& therefore depend
upon G and U and so are affected by varying either the axial pressure gradient or the speed of the plate.
If the plate moves, for any finite pressure gradient flow occurs in the z-,direction. The leakage flow rate
is given by

-Ghit 2m ___(CA +4 2 VY tl a2  Gh + (4a 2 4-.G 2h2A 1 6)
6ii "4G 2G 2  L Gh+(4a2G+h2)Y"2 (6

where r is a typical radius, and ;:o Q, has Newtonian and Bingham contributions, the latter always
trying to reduce the former. When G - 0, Qz - 0 and at high values of G the Newtonian term
dominates-

-- ------ ----- -- -,-- --



3. Experimental Details
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Fig 2 Schematic view of eleetz-o-rheological seal test rig

In the test apparatus shown in Fig 2 a substanttial steel shaft is mounted vertically in two ball races.
This shaft has the inner electrode/seal attachled to its lower end which fits concentrically into a
stationary outer electrode/seal giving 1/2 nun (±0.02mm) radial clearance. This arrangement gives a
scaling length of 10mm onl a 60mm diamreter which is the same diameter as the Outch. Having such a
large diameter seail ensures that measurable leakages will be obtained and also allows an analysis in
which plane geometry is assumed and so any radial variation of the electric field is neglected.

The outer electrode/seal is supported in a clear plastic tube whtich acts as a reservoir within
which up to I 00mm head of fluid can be accommodated. The diameter of the inner shaft was arranged
so tha a nirdunum of fluid could be used. Both inner and outer electrodes were imade from stainless
steel. The rotating inner electrode was earthed while the stationary outer electrode was connected to a
high potential stabilised DC source. The set but variuble shaft apeed was measured by an
encoder/digital meter which was calibrated with a precision tachometer.

The fluid leaking from the seal was collected over a given time and then weighed so that the
flow rite could be calculated. Two different fluids were used. Bloth were silicon oillpolynietlacsylate
mixtures and were characterised by Advanczd Fluid Systems Ltd of Wandsworth, London. The
density of the first fluid, type code S2030 made up of 20% fine suspension, was 1092 k6M 3 . lilt
sccond fluid was a mixture made up of equal parts of two fluids, one having 30% and the other 40%
fine suspension. its density was 1485 kgm-3 .
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4. Results

For a Ne-wonian fluid lamninar flow caused by an axial pressure gradient through a stationary annular
gap has a well established solution. Initial tests were done with oil (Nexus 68) known to be Newtonian
to establish the accuracy of the apparatus and hcnce produce some control results to which the ER tests
could be compared.

It is usesi to define a 'k' factor, a ratio of flow rates, experimental divided by theoretical
results. This gives an indication of the difference between theory and experiment. The oil tests were
done with both stationary and rotating inner electrode (6 - 100012000 rpm) giving k factors of 1.09
and 1.11/1.19 respectively. The increased k factor in the second case is due to lower fluid viscosity
because of heating caused by inner electrode rotation. Similar tests were done with ER fluid and no
excitation (volts off, re t 0). These gave k factors of 0.8 and 1.21 (i = 1000 rpm). Viscosity values
(zero % olts for ER fluid) were obtained from a Couette viscometer at various shear rates. It was found
that when tie inner electrode was rotating fluid temperatures leaving dte seal were 2-3°C higher titan
that enteri-g, hence the increased k factors.

Finally results were produced for energised ER fluid (volts on). Fluid head, rotational speed
and voltage (and hence -c) were. all varied. With no inner electrode rotation (i = 0) with an axial
pressure gradient leakage could be restrained with as little as 500 volts excitation but with the slightest
amount of rotation the seal would leak, even at 2.fkV and 3 rpm the shaft being turned by hand.
Changing the experimental procedure between fluid energisation before rotation and vice versa made
little difference to the results-

For the fluid S2030 from the graphs of rotational speed verses leakage flow shown in Fig 3, it is
evideat that both the experimental and the theoretical results have the same forn. In all cases tie
experimental leakage rates are greater than the theoretical ones, giving a mnaximnum k factor of 1.87.
These differences are accountable and are discussed below. Additional data gleaned front the plots of
the theoretical analysis alone in Fig 4 show the effiect on the leakage of changing dte electrode
separation Ih and the viscosity lt. digs. ) and 6 show the effects of yield stress level ott leakage flow
rate at a fluid head of 5Lnm and the effect of pressure for E = 2kV/iun. Further work involved
checking both experimental and theoretical results for the second fluid. These results gave similar
differences between theory and experiment (Figs 7, 8 method 1) indicating that the results are
reproducible.

In order to produce all the theoretical results, va!ues of Te and pt have to be substituted into Eq.
(6). As this was thought to be one of the main sources of error varioils schemes for evaluating 'e and ft
were used. In Fig. 3 method I shown schematically in Fig. 9(a) is used. In all the methods the actual
values of To and p.t were obtained by plotting the data supplied by Advanned Fluids Systems Ltd.
Mehod 2 derives te front ";eo = "ce + ptj', where the local shear rate and voltage fix rc but g. is again the
zero-volts viscosity see Fig. 9(b). In method 3 Te is calculated as in rmethod I but the values of it used
are calculated from dte slope of each constant voltage line as shown in Fig. 9(c). Method 4 is sihilar to
method 2 except that the viscosity and yield stress values are both calculated for the local voltage or
shear rate as shown in Fig. 9(d). It must be noted, see Figs. 7, 8 that the manufacturer's data for the
second fluid is not available for theoretical methiods 2 and 4 above 300rpm. Hence a direct comparison
is not possible but it is immediately apparent that the choice of the Bingh.un parameters -r and pt for an
imperfect fluid is an important factor. Also it should be noted that the values for the second fluiJ were
interpolated from the manufacturer's data, which was given for the two fluids (30 and 40%) separately,
according to the method in [6].



531

1.6.68

K l.~1O .. 1.65

V') 1.62

71.
07

4 .0*10tY

4,0*10'

0.0*100

0 500 1000 1500 2000

Rotational spood (rpm)
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Fig. 4 (a) Theoretical predictions of leakage flow rate v gap size for fluid S2030 in 0.5mm gap at
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(b) Theoretical predictions of leakage flow rate v viscosity for fluid S2030 in 0.Snu gap, 5cm
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533

-10*'
14-

1.63 *

10-)

10

~ 8 1.56 "

* ~ 1.28

250 500 750 1000 1250 1540
Yield stress (Pa)
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Fig. 8 Leakage flow rate v rotational speed of irmcr cylindcr for second fluid in 0.5mmn gap. 5czi
htead, applied voltage 5000 volts, yield stress I4I 011.
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5, Discussion

Any success in applying the ER clutch will probably lx. due to its fast speed of response/operation and
ease of Llectxo/meclanlcal interfacing [7]. It is particula-y suited to lightweight applications where a
high torquc/iiertia ratio is desirable. At high speeds of operation (3000rpm) the combined
viscous/drag Itress due to unexcited fluid/rubber lip seal can be greater than the yield stress. This was
the incentive for an electro-rheological seal. If axial leakage could be restrained whilst reducing the
parasitic drag then further progress would have been mad_- towards improving the clutch.

Theoretical analysis suggested that with any rotation the seal will leak. In practice this was also
the case. All shaft seals rotating at practical speeds will leak but it is apparent that leakage rates in die
proposed arrangement will be significant compared to the amount of fluid in the clutch. From die
graphs of leakage flow rate verses rotational speed it can be seen that leakage tends to a maximum (the
Poiscuille value) as rotational speed increases. This gives an easy irethod for calculating maximum
flow rates.

Although experimental and theoretical results have the saine Cbmn tiiere are differences in the
numerical values, in some ease up to 80%. By introducing a 10% error into each theoretical term (ec
pi, h, di and t) it is possible to see which is the most critical (,,sing a total derivative approach). Ushig
tie values used to produce Fig 4 this gives errors of +5.3%, 4 5.2%, 4+ 26.6%, + 4.6% and -4 11%. If
all are combined a total error of 67% results. It also appears that gap size is the most critical variable.
Such deviations are realistic due to the basic nature of the test rig. Data was only available for the
fluids used for Figs. 3 to 6 for "t < 6000s-I and E < 2.5kV/mm and 2000&1 for Fig. 7. The theoretical
lines in Figs 3 to 6 were plotted using method I for calculating Te and a. A* on Fig. 3 indicates tile use
of method 2 when data was available. Figs. 7. 8 compare theoretical results using all four methods.
The method of calculating To and ji used in method 3 results in less difference between theory and the
cxperimnantal results..

"Thlere arc many other reasons for the significant k factors. Fluid temperature increased when
passing through the seal by up to 3PC hence reducing viscosity and increasing leakage rates.
Eccentricity of tie inner and outer electrodes (±0.02umn) will allow 6.5% more flow as well as
producing a possible pumnping effect. Time dependent and thixotropic effects will tend to increase
theorctical flow rate values. The theory assumed fully developed flow it both directions while in
practice development .cngth effects would reduce actual flow rates.

It would be possible to drastically reduce the leakage rate without increasing the seal drag
substantially by reducing the gap width. The maximum (Poiscuille) value is proportion to h3 while sxy
is not greatly affected if -cc is maintained. Leakage flow cmuld also be reduced by increasing the
effective length of the seal; if a labyrinth form were used then the seal compactness would be retained.
F'urther work needs to be done to evaluate such schemes but in its present fonn the ER seal would
appear to be of little use

6. Conclusion

It has been shown that a rotation shaft seal using an ER fluid as the sealing mnediuni will ailways leak.
A. reasonably accurate method of calculating leakage rate-, for such a seal has been devised
dcmonstraiing the validity of the Bingham plastic/continuwn approach for modelling ER fluids. For
die simple clutch the U2R seal scens to be of little use. Further investigation will be necessary to
evaluate the use of an ER seal in other situations.

a~ll,
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ABSTRACT

Yield sbear stresses and shear rates at a valve wall are derived from experimental results on a series of concenstric

cylinder valves. thei fluid constitutive equation used for this purpose is that of a Binghamn Plastic. Valve plates

(being wuch that th radial gap is small cotttparsd to its mcan pitch) are takes to be parallel so far as the detivation

of the flow vas pr-essuare vas geomnetry tnodel is concerned. A range of electrode separations frotm 0.5 to 1.0 nunt are

used with flow velocities being limited to the region where the viscous prassure drop comnponent is below that

caused by th elcto~vs

Results show that (away fe,.n t"e regions of low sbear raasa and high voltages) the wall stresses for e4ttivalesit

conditions arc cotmparable fot ottferesst valves, for a range of applied field titreesattia and nittan flow velocities.

lbiua. provided the itysteretic rvginst is avoided the fluid can be treated as a B~inghams conitinuum wvith somse stated

resetvations. However, thtis o11!y applied with precision for the truly corresponding situationst defitted itt the

paper.

1. Introductiotn

Methods of modelinug dite flow of nosi-Ncwtotsian fluids abounti. For electro riteologiciti fluidds (E RF)

multi-particle analyses are becomnitg refitted to the point thsat it should sootn be possible to itnclude tie

uffccts ofmtaterial propertics (including cotiductaunce) in them, At the other extretme use has been made

of apparent viscosity and indeed two viscosity mnodels [II]. None of tjtest; analyses have so far been
shown to give tie applications engineer what he wants -an efficient and reasonably accurate technsiquc

for the sizitg of a range of ER conttrollers from otto set of fluid characteristic data, especially whetn
titme domatn operattont is tcalled for [2].

A fundamental fact which ia regularly overlooktA is dial dhe main use of ERF oflest accrues because of

their fast time respotnse and the ability to impose a prc yield zone electronically. 71lict;s are usually the

prine requitenieits of machtines which can be flexibly operated ott a variable contfiguration of
displacemncst. velocity or force versus time basis. For valve control dtc positive slope of the 6 11 v Q)

curve is necessary for stability of tmachitnc operationt. Thte hold position should be as stiff as possible.

Itt short, the jdWg machine character-istic would posses tP Binghatm plastic fortir [3] with a respontse so
fast that hight resolutiott of the desired process output shf-pc could be achieved. It follows front this tutd

the Blitglatari formn of torqttc vursus bpecd differetnce arising from an idealised ER clutch that etngineer-s
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will initially favour a Bisnghamn plastic analysis for the valvelfluidlniachiiie inter-action calculations

p~rovided that it does not cause too gross an error.
In valve flow the electron-hydraulic timei delay value in MI is often so short as to be of

negligible eff'ect when conmpared to transient flowlinertial considerations in the contnecting circuit [41,

Thei choice of which;% or gs values to usc in an analysis when asa is often the case: -c, rT, - f (i, j')

and it *~ KRE~l~ can cause problemis, especially in two dimensional flows [51. Nevertheless it is useful

to havc an insight into the value of the model over a range of valve sizes and flow conditions. Thle
present paper purports to throw light on this scenario by a work back 1rom the measured flow/pressure

characterisation for a range of near parallel plate flow valves of electrode separation 0.5 <h It< 1.0 rmm

and length 50 ý5 I !SlO mun operating at mean velocities of 0 <-i< 2 mis in the laminar region and

valve wall shear rates up to 40,0000-.
In some fluids, at a given op-erating temperature,; * f(j') and ýt - K[61. So far as modelling is

concerned such a situation would socem to be in need of little further improvement, provided the
electron-hydraulic time delay was short and die hysteresis region was not encountered. liowever, in
operation inany fluids will have regions of;c - tX'j, L), g 0 K - 111) since it is not always possible to

predict the parameters a machine will work at (fluid tenmperature for instance depends on the specific

duty of a flexible machine). It is this latter and more complex scenario that is considered here.

2. AppAratus

P'arts of the teat rig in question have been described in detail in previous papers viz: Electrical supply
[7], pressure izseas'uresienut [81, pumup performiance and flow monitoring [9], heat transfer and

temperature control [10]. For the purpose of the present work the test rig is describcd in Figs I
(general arrangemewnt), Fig 2 (valve) and Fig 3 (drive layout etc),

A thyristor controlled electric motor using feedback from the pump shaft speed is used to drive

the load within 4 0 to -1I% Of fasII speed (4 0 to -15 rpm zeo to full load) of 1500 rpm. This drives
throughm a four speed reduction gear box, ratios 1: 1, 2:1, 4: 1 and 10: 1, in order to control the regulation

of the motor at low pumrp spoeds. The tachometer usLd was a DC type. Using an order of nisgnitudc
technique slight falls of speed with valve loading are corrected for [9]. A typical recording (Fig 4)

shows this fall of speed and the accompanying pressure response of die val ve.
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3. The Test Programme

With a particular ER valve geometric configuration selected, a straightforward test procedure was
folowed to determine firstly die relationship between pressure drop 4 POO across thz valve, volume

flow rate Q through the valve, and voltage V across the valve electrodes, under steady conditions as far

they are attainable.
A test temperature 0 - 30 0C was maintained within limits of approxinately ±0.25°C, and for a

seJctc~t nominally steady volume flow rate, wonditions wer allowed to stabilisc for zero electrode

voltage. A selected elocroda voltage was then applied as a step function, and valve pressure drop
value• APO before the voltage step and APeo after the voltage step were observed. While the zero volts

prcsur drop Apo was always steady, the prcaurc drop AP0o developed rapidly (over a period of order

0.1 see) to what is in general ci icily a quasi-steady state - variations over a period of a few seconds
normally amount to only a very few percent, can be neglctl, and where appropriate the mean
pressure drop is observed. The requi-rd data recorded, the electiude voltage was returned to zero, a

new elcmtrode voltage was selected if required and applied when zero volta conditions were stable once
more. With all test values of electrode voltage completed for the selected volume flow rate, the volume
flow rate was changed to a new value and tests for the different electrode voltage values repeated at the

new volume flow rate.
Each valve test generally comprised pressure drop measurements for eight levels of electrode

voltage at tea volume flow rate values within the range 0-20 lit/min. The clectrode voltage range was 0
- 1000 V for the 0.5 nn valve electiodo gap h- and 0 - 2000 V for h - 1.0 mm, so that the electric

field strength E - V/h was ib the range 0 - 2000 V/mrm.

After each valve teas was complete, a sample of ER fluid was taken from the test rig and tested
in a small 0.5 nun fixed electrode gap clutch modo device [II] over the same range of electric field

strengths as the valve test.

Outside the ER fluid/valve configuration tests reported here, the valve test rig has been
examined in detail. Using the positive displacement flowmeter, the gear pump itself has b6zi

calibrated as a flowmeter, so that volwue flow rate can be determined from pump speed and valve
pressure drop; this is of value in applying corrections to meawured flow ratc.q arising from changes in
valve pressure drop which affect slip around the gear teeth. Also, with the rig filled with a hydraulic

oil of known Newtonian viscosity properties, detailed tests were carried out with each ER valve

gometric configuration to determine dte valve properties, end losss etc under predictable and known

conditions.

"The sequence of valve configurations tests was as follows:
(i) A h -0.5 nmn x t - I0W nun, symbol o
(ii) B : it i 0.5 nu 1 tx 5i nun, symbol A

(iii) C : h - 1.0 mn x t - I am, symbol 0
(iv) Repeat of A above, symbol x

Each ofthe configurations of valves A, B, C is of two concentric channels of total b 361.5 nun
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3.1 I.resentation of the Test Data

At each test point, a direct measurement is made of the valve pressure drop APw corresponding to the

electric field strength E, measured as voltage V across the known electrode gap h. Prior to the step
applications of the electrode voltage, the no-field valve pressure drop AP. and volume flow rate Q for
the test point arc measured directly. The rise of wilve pressure drop from AP. to APed gives rise to an

extra load oil the pump motor, a slowing of speed and an increase of slip in the pump, and hlence a

decrease of volume flow rate overall and a decrcase in the actual no-field pressure drop component of
Aleo below initial APo. These chalnges arc calculated from the known, calibrated gear pump

characterislics and arc applied aa corrections to the no-field measurements. Corrected plots of the
entire valve test data, for four specimen constawt voltage values for each valve ronfiguration, are shown
in Figs. 5, 6, 1 - the nwnber of voltages showli has been reduced to keep the grrs lhs clear; imitemediate
voltage data is straight forwardly interpolated .

Figs. 5, 6, 7, show the valve pressur drop Al'P in bars, and opposite is tie pressure scale translated
into electrode wall shearing stress, through the simple force balance = hAlo / 2,t

3.2 General Observations Related to the Test Data

The following basic observations relate to dte valve tests and the test data.

(i) On applying the electiodo voltage as a .tep change disturbing an initial steady no-field flow,
there is generally a rapid rise of valve pressure drop to a new, strictly quasi-steady state. The measured

rise time is of order 0.1 sees, and deviation of the new quasi-steady valve pressure drop is guneneally
within a vry few percent over a period of, say, ten seconds. This time includes both lURP and test rig

el fcots.

(ii) Doubling the vaive length t' means doubling th'e clcetro-pressurc componlent AP, - Al'ro - All,,

to a first approxinsation.

(iii) Doubling the valve clectrodc gap h menans halving the electro-prcssure component APe so a first

approximation, for constant field F1 ,aigth li L V/IW.

(iv) To a that approximation, over tle test range of volume flow rate, sie electro-pressure
composent APe in any given valve is constant for constant electrode voltage V. More specificall..

increasing flow &iic tsads to mean increaizsg electro-pressUre fin tie wider dcltrodc |:alp, aind
decreasing electro-pressure for the narrower electrode gaps tested
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(v) For the larger valve electrode 2ap, at lower volume flow rates and higher valve electrode

voltages, there is a tendency to unsteady e.ectro-pressure; after the initial rapid development of electro-

pressure common to all the test points, somewhat higher levels of electro-pressure are developed in a

slower, unsteady fashion.

(vi) For longer valve lengths, after the initial quasi-steady electro pressure development, there is a

prolonged slow fall of the electro-pressure component with time which becomes cumulatively quitc

significant.

(vii) There are some slight non-Newtonian characteristics of the no-field flow through the valve,

which are seen more clearly at very low flow rates.

(viii) T1'he final repeat test of valve configuration A shows generally a very good repeat of the initial

test data, which tends to confirn the distinctions between the three configurations A. it and C"

However, it is the nature of the fluid tested that non-uniformity can he expected in ally

lhandliinttnixing/sampling/time dependent procedure.

(ix) Practical operational difficulties which can occur with the fluid tested include compating undo,

high pressure e.g. in the punp journal bearings and electrical short-circuiting in the val,'', inder high

voltage/high pressure conditions, made worse by samll electrode gaps.

(x) T'h1o ranges of test parameters chosen here stayed clear of these areas of difficoly t hw tfliI

proved reliable and easy to work with.

4. First Steps in Analysis of lest Data

For EL: fluid devices with a parallel flow channel similar to the El' valves tested here, there is a simple

conmmon-scnse relationshtip borne out to a first approximation. The electro-pressure component is

clearly approximately constant for a given clect, je voltage. and dependent on electric field strength

and valve length. It can be anticipated that the ratio APeh / e will be fixed for a given cletric •ihld

strength V/h for any valve electrode gap h or length 1.
In Figs 8, 9, Allh / I is plotted against volume flow rate Q for four different constant values ot

the electric field strength V/i. In each case, the overall mean value of the data is shown, together with

an indication of ± 20% bounds (dotted line). However, although the result is broadly as anticipated,

and though the initial and repeat teats with valve configuration A give closely similar results, the fact is

that looking at the field strength of L = 2VK) Vinns at volume flow rate Q = 17 lit/min, the value of
APch / t for hi = I nun at 55 mbars is about 35% above that for h = 0.5 nun at 41 inbars, valve length

being t = 100 nun in both cases. Furthennore, the d.ta for the two valve configurations is clearly

diverging as volume flow rate increases further. In the case of a fixed electrode gap of Ih = 0.5 ,nio,
Ar'ch / e is some 20% higher at Q = 10 lithlin for the valve length e = 50 mn than it is for the valve
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length t I(K) nun, although the trend of the data as volume flow rate increases is the samc for the two
confgiiuraions. "1 htc two particular examples are swen in Fig. 10. Much the same is true for all of the

lectric Iiheld strcngths shown. Nete that Q is in effect an indication of Reynolds Number.

4.1 Pointers to )"urther Analysis of Test Data

T'hc tests reported here were part of an ongoing general engineering feasibility study with ER nulls.
One aspctl ,.f feasibility of general interest is characterisation. Also, it is require, to know e.g. is it

possible to carry out a simple small scale laboratory test which will produce generalised
designiapplicaLion data translatable to other ki,,ds of device? This is really the key question. Or, will
gencisalisd data apply to all valve flow situations only, rather than the &hear mode also? For this

reaskn, toi ervic as a crude comparator, simple shear mode tests were done on the ex valve fluids.

5. BHlgham plastic analysis

lBingham plastic flow is well described in die literature [12], and is written here for the case of flow

hIetwccti pasalll flat plates, which approximates the ER valve configuration of these tsts. Following
this, Ior any tct point of Figs. 5, 6, 7. a Bingham yield stress m for the fluid can be found front the

3 (1 0~l

where val -: dimensions b, hi, I arc known, APse, and Q are known for each test point by measurement,

snu Newtonian viscosity coefficient 9s is found fror.i the slope of the no-field pressure drop AP. vs Q
by mrisurement. Using this equation, dte APu'h / t vs Q data of Figs. 8, 9 is; translated into lines of "t,

v, . at constant voltage/field strength in Figs. 10, 1I. Inspection shows that the underlying trends of

the data are not altered, whilst the calculated yield stresses for the two cases h - 0.5 tmn and h = 1.0
mm at E = 2000 V/me and Q - 17 lit/nun are even further apart than was the APeh / f data. On the

other hand, the yield stress data for a given electric field strength coincide over much of the flow rate
tange for the two cases of valve B, h x t = 0.5 x 50 men, and valve C, h x It 1.0 x 100 nmm, to some

degree.
Also included on Figs 10, I1 is an indication of dte yield stresses, ty, dctermine' for the

samples of fluid taken from the valve rig after the corresponding tests, in th. rudimentary clutch

dvice, at the corresponding tlectric field strength.
Although there is often quite good correlation between the ineasuretnent of yield stress with this

clutch device and the levels of Bingham yield stress calculated for the flow mode in the valve, it is by
no mcans clear that the plot of Bingham yield stress vs volhr.e flow rate for different valve

configurations at the same constant electric field strength represents a satisfactory or accurate
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gencralisation of the valve data, The nature of thc differences between the various valve configurations

is made clearer by the following Figs. 12, 13, 14.
The similarity between general (radial effects neglected) clutch type and valve type fluid motion

is in a portion of the valve flow field between parallel plates extending from one plate, or wall, out

across tie flow to an extent which is variable and can reach up to but not beyond the centre line of the

flow. For the Bingliam piasic flow in a valve (between parallel plates) there is always a plug at the

centre, because without a yield stress, the shear stress and shearing rate are zero at the centre. In the

clutch device there will nonnally be, say, a high shearing rate right across the flow channel with little

variation of shear stress and shearing rate, with the exception that in a radial clutch if there is a

sufficiently high yield stress, then the shearing rate will fall to zero there, a plug or solid body of fluid

will be present at the outer wall and the region of shearing flow will be narrowed. Unless this occurs,

the clutch situation is likened to the region immediately next to the walls in the valve sit'uation,

extending insufficiently to reach te central plug. Thus it is not immediately obvious what is the best

gencralised description of flow in the clutch and valve modes.

In Figs. 12, 13 the wall shear rate (Ou / 0y) , is taken, this being found from:

°• = ( o- ib) where 'Ce = 2/'

A number of things stand out in the plot of B3inghalm yield stress vs wall shearing rate in Fig. 12. For

the higher electric field strength of C = 2000 V/ram the wall shearing rate calculated is of a high value

at all volume flow rates; therc is consderable scatter of the data for the different valve configurations;

and for the wide valve electrode gap h = 1.0 tmn thicre is a clear minimtum level of the calculated wall

shear rate, with an increasing level accompanying the rising calculated lBingham yield stress as volmne

flow rate decreased to the lowest values. It seems quite clear that there are differing configurations of

the flow field for the different valve configurations.

There are various potential sources of error and difference between the valves, but these are

likely to lead only to differences in magnitude. For example, error in the electrode gap of 0.025 mm

represents 5%, likely ti, lead to an 8% error in calculated yield stresses, and 15% in the no-field

pressure drop through Lihe valve. On the other hand, no-field pressure measurements for the two valve

configurations A and B with gap h = 0.5 inu imply a viscosity coefficient differing by only 3% , hence

otly a very small gap diffcrence of perhaps 1% in tie two cases. Flow development effects for the

fluid in the presence of the electric field may be present in the data; on the other hand, in the case of

zcro electric field with approximately Newtonian behaviour, the very low Reynolds Number of flow

(of order 10 based on u and h. at most) implies flow development lengths of the order of the gap size,

i.e., I or 2% of valve length L

The scatter of tie wall shearing rate data is shown clearly in Fig. 13.

One of the most interesting pictures given directly by tie Bingham plastic analysis is that of

Fig. 14, showing a plot of the ratio plug width/gap width, 61h, vs volume flow rate Q, for constant

values of electric field strength. It can be clearly seen that for tie two valve configurations A and B for
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electrode gap h =0.5 nun, tie data for a given field strength lie very close together, but for thle gap) It -
1.0 mnm of valve configuration C at the same field strength. die data is very diffcr-snt. In fact the data at
field strength 1000 V/mm. for gap It 1.0 min lies very close to the data for field strength 200
V/mmn. For gap h =0.5 num This merans that the flow fields must ro-.respond in F. dimensionless mrap).

It also indicates that the plug of flow which will occur always in dic flow mode will be tnore significant

for the wider clctiodc gap than for the narrow'er ga;- Pat :ýgiven clrxtric field strength - in o:!ier words,
similarity of flow is not determined by electric field strength alone.

The electric field strengths selected provide four clear bands of (similar) flow onl the plug/gap
ratio vs volume flow rate p~ot of F~ig 14.

In examining Fig. 14, it should be- bomei ini mind that the particle size of the v .ry wet Lipol 30%
volume fraction fluid tested ranged approxiniatc~y from 5 to 25 piln, i.e. from I to 5% of clectrode gap)

h = 0.5 mmr and from 0.5 to 2.5% of electrode gap It =1.0 minn. For the electrode gal) 11 0.5 mmn, a

plug/gap ratio of 0.91 will give a shearing flow chaniui' width at each wall of the sameii order as the
uuoatitnuum particl,; size. For the electrode gap It --1.0 inun, the equivalent plug/gap ratio is 0.95. These
ale thde values of plug/gal ratio found for the high ewlectic field strengths attd low volume flow rates of

the teats

6. Dimuensional Antalysis

Oivent this scatter and the various trenids of results so far encountered dinmensiotnal &ialysis is indicated

is the next clear sw-p in examining the data. In L121 Wilkinson describes llcdstri~in's aiialysis for
Binghamn plastic flow in p~pcs, and this is readily applied to the ease of flow in a rectaligular channel,

assuminitg U111t wiUth with no0 edge effecs. Whereas itn the carec of Newtonian flow there are two
significant piaramieters, tlte frietioti co.fficient and the Reyttolds Number (asssuminig smnooth walls), for
the ease of lBinlghaas plastic flow there is oute more dimnension -die yiel-d stress -r - and one inure

dii,zensionless lparaimter, referred to as die Hedatr~m Nwniber -Lbpl12 / [12or Plastic Numnber xtb h / go.L

Just as the inicompressibl., Newtonian fluiri motion depuids on the ratio of intertial to viscous forces,
so for a lBingharn plastic another factor entercs in as the viscous Force field is modified by tlte

superposition of the , irid stress onl tce viscous shraring s~scss.

lInthde abse'nce of yield stress, die Iledstedin Ntinibirr is Yero andth de frictiont coefficient vs
lReynolds Number plot is diat for a Newtonian fluid iii lamninar flow where QnxAP. A tioti-zero yield

stress will increase die licdst~rdtn Number aiid lead to a higher friction coefficieint at a given Reynolds

Number: die 'plug flow' increases dte shearing rate at the walls for a givein tucaii fluid velocity u. ixe
for a given voltume flow rate Q.

If die clecutr''c L~ap Ii is increased at cotistait yield stress tcl, and volume flow rate Q, then nmean

velocity u falls in proportion as Ii itnrreases. Thie inomintal shearing rate u/li wii! thiei fall as u~ 2- hence
for die case-b 0, the friction coeflicietit Cf is fixred as Reynolds tiumiber R,: is fixed. If'-Eb has somne

fixed value >0, the result of a fall in the value of' ti/l is dih at searinig forces fall ini proportioni as u2or

li2, and die yield stress becotmes rapidly itore significant thtti thde shearing strcýss, andh will conitribute

die samie effect as an Licurease of yield stress.
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If tile Bingharn plastic mtodel is a good approximation for the ER fluid, then the data must fWl
reasonably clearly into the three dimnensionless groups, and this is in fact the case. Data is shown in,

Fig. 15 for five reasonably constani values of' the Hedstr6ro Number, including the zero case of no-Field

flow in all the test valve configurations. Thce data sets are exactly those shown in Fig. 14 where
electrode voltage is held constant for a given valve configuration, the Hedstrdns Number denoted iej is

reckoned constant. For each data sct of constant n3~, the relationsh~il. betwecn friction coefficient

'1C / pu 2 , denoted set, and Reynolds Number, pai / g denoted it:2. is represented by a linear

regression equation of the fonin, where a, ma tre constants,

lnq = a + m lnse2

'the degree of constancy of the Hodstriir Number 7t3 is shown in Fig. 16, where it can bc scei that R1r

is fixed to a reasonable degree of accuracy by the electric field strength and die electrode gap. Fig. 16

also shows the prediction of Hiedstriji Number for the valve flow from static clutch mode test data

determinerd for smuall samuples of the fluid taken fronm the valve test rig at the end of each test.

Thle linear regression data of Fig. 15 is swrnmarised itn Fig. 17 whtere the constants a and in arc
plotted against A53.

We can now attempt to work backwards. If lledstr~ii Nuinber x3 is specified, then a plot ofiztj

vs n2 friction coefficient vs Reynolds Number, is specified to a first approximation. A simple clutch

viodc test of a fluid samnple should predict valve tnode perfoniianc.; to a first approximation, for any

valve configuration within reasonable bounds considering tie scope of the tests, lThis methodology

will be the subject of a furthter paper.

7. Conclusion

The finding that single properties of fluid can probably be used to predict what happens ill shear and

flow over a range of conditions and sizes, and with somec accuracy provided conresponiding conditions

arc observed, is tentative. A furthter paper will however show die closenes of simple clutch and valve

data over die ranges encountered in tie present paper.
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9. Nomenclature

a - linear regression, constant

b valve effective width = 21t x meani radius, (x 2) in double channel valves.

E - magnitude of electric field =V/h.

1o a ',uiction of( .

K - general constant.

hi inter electrode cpacing.

I length of valve,

Al valve pressure drop over lengtii 1. - direction of increasing flow rate.

Q - volurretric flow rate through valve, in direction off.

in - linear regression, slope.

u - velocity along the valve.

u - mean vcocity.

V - voltage appliod to inter electrode space.

y - direction across the valve.

5 width of plug, flow region.

p fluid viscosity at zero volts and plastic viscosity when excited.

Ui distance to point in shearing zone new from ccntre of channel.

at dimensionless group.

y general shear rate.

0 temnperature of fluid-

- shecar stress.

-2
Cf - friction coefficient, t,.veo /p-u =IL

Re - Reynolds Number, puh / pL 112

lid - liedstroin Nwnber, trb ph1 / 2 = YE1
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Sumxcs

b derived from use of Blingham nodel.

c- due to field effect alone.

o.- due to flow effect alonc.

co- due to combined flow and field effects.

n identification number.

w- wall condition, or. electrode.

y a yield cffect, in shear/clutch rood-.
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SIMULATION AND EXPERIMENTAL STUDY OF A SEMI-ACTIVE SUSPENSION
WITH AN ELECTRORHEOLOGICAL DAMPER

X. M. WU, J. Y. WONG, M. STURK, and D. L. RIUJSSELL

Transport Technology Research Laboratory
Department of Mechanical and Aerospace Engineering

Carleton University, Ottawa, Canada, KIS 5B6

ABSTRACT

Various control strategies for a semi-active suspension system with an
clectrorlheological (ER, damper were studied using computer simulaiion techniques, as
well as experimentally using a quarter-car model test facility. The control strategies
examined included those primarily designed for enhancing ride comfort and for improving
road holding. It was found that the strategies designed for enhancing ride comfort do not
necessarily provide improved road holding characteristics, and vice versa. Conseqcently,
various composite control strategies for improving both ride comfort and road holding
were investigated.

Experimental investigations showed that the damping characteristics of an
electrorheological damper depend not only on the electrical field strength but also on the
fiequency of excitation. For the electrorhcological fluid used in dte study, the equivalent
damping ratio decreases significantly with the increase in the freAluency of excitation. This
is primarily due to the fact that 'he shear ratio of the fluid used, which is the ratio of the
shear strength at a given electrical field strength to that without applied electrical field,
decreases with the increase in the shear rate. This behaviour must be taken into account
in the development of electrorhteological dampers. Furthermore, at high frequencies, the
duration of the applied voltage with any of the control strategies examined is very short.
As a result, there is little difference in dte measured performance of the semi-active
suspension with different control strategies exanined over a wide range of frequency. T'o
achieve the potetitial of an ER fluid damper, improvements in the mechanical bihaviour
of ER fluids are a key factor.

Nomenclature

C, damping coefficient of the damper
C, critical damping coefficient
C, desired damping coefficient for road holding
C, desired damping coefficient for ride comfort
C11 desired damping coefficient for composite control
C,o, threshold damping coefficient
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k, equivalent spring rate of the tire
k, spring rate of the suspension
m, unsprung mass
rM2 sprung mass
x, k, k vertical displacement, velocity and acceleration of the tire contact point

with the road surface, respectively
y, j>, 3 vertical displacement, velocity and acceleration of unsprung mass,

respectively
z, "k, -0 vertical displacement, velocity nid acceleration of sprung mass,

respectively
ax ratio of dynamic tire deflection to static tire deflection
¢t~h threshold ratio of dynamic tire deflection to static tire deflection

1. Introduction

To further improve ride comfort and road holding of ground vehicles, active and
semi-active suspension systems have attracted considerable interest in recent years. While
an active suspension can provide improved ride and handling, as well as the. control of
the height, roll, (live and squat of the vehicle body, it is complex and requires
considerable external power to operate. In comparison, a semi-active suspension is less
complex and requires rnuch1 less power to operate. In this type of suspension, the
conventional suspension spring is retained, while the damping force of the damper can
be modulated in accordance with operating conditions. The regulating of the damping
force can be achieved by adjusting the orifice area in the shock absorber, thus changing
the resistance to fluid flow. More recently, the possible application of the
electrorheological (ER) fluid to the development of controllable dampers has attracted
considerable interest. Its resistance to flow is related to the electrical voltage applied
across it. The process is continuous and reversible, and the response is almost
instantaneous. By regulating the voltage applied across the flow of the ER fluid in a
damper, the damping force can be varied in a convenient way"'. It has been showl) that
when properly designed, the performance of a semi-active system may approach that of
an active system under a variety of operating conditions'.

In this paper, various control strategies for the semi-active suspension to achieve
improved ride comfort and road holding are evaluated and compared, using computer
simulation techniques. Based on the simulation results, the performance of a semi-active
suspension with an ER damper having various control strategies was experimentally
measured and evaluated, using a quarter-car model test facility in the laboratory.

2. Control Strategies for Semi-Active Suspensions

A semi-active suspension system with appropriate control strategy should provide
improved ride comfort and road holding for a given suspension travel, in comparison with
the conventional passive suspension. Ride comfort may be evaluated by the response of
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the sprung mass to the excitation from the ground. Usually, the transmissibility ratio (or
transfer function) is used as a basis for assessing the vibration isolation characteristics.
Road holding is related to the variation of the normal force between the tire and the road
during vibration. It can be represented by the dynamic tire deflection or the displacement
of the tire centre relative to the road profile'. To examine the vibration isolation anu road
holding characteristics of a semi-active suspension with different control strategies, a
quarter-car model, as shown in Fig. 1, is used in the analysis.

i lfferent,

d e fe Se rll

Mf tEe damperr

X L kj - Excitation by a

+ Rotating Cam

Figure I A quantcr-car model

If the damping is assumed to be viscousi the iqUations of motion fotr the two
degrees of freedom system are as follows:

M,,,=k, (z-y) -C, (2•-k) -k, (y-'x)()

m2n.---k, (z-y) -C (2 -: ) (2)

where m, is the unsprung mass, m, is the sprung mass, k, is the equivalent spring
stiffness of the tire, k2 in the suspension spring stiffness, and C, is the damping coefficient
of the damper.

It should be noted that the static equilibrium positions of tile sprung and unsprnmg
masses are taken as Elie origins for the co-ordinates.
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2.1 Control Strategies for Improving Ride Cornfor
In the past, investigations into the control strategies for semi-active suspensions

have been primarily concentrated onl improving ride comfort ( or vibration isolation).
Three representative control strategies for improving ride comfort are outlined below.
The objective is to reduce the sprung mass acceleration by modulating the damping force
in accordance with operating conditions.

Strategy A. An on-off control strategy proposed by Krasnicki5 and Margolis and
Goshtasbpour`. This control strategy can be described as follows:

If 2 (±-j) > 0, then the maximum damping is required,
and if ± ( -k) <0, then the minimum damping is required.
where -+ is the velocity of the sprung mass; i-ý is the relative velocity across the
damper. This strategy indicates that if the relative vý.-locity of the sprung mass with
respect to the unsprung mass is in the same direction as that of the sprung mass velocity,
then a maximum damping force should be applied to reduce the sprung mass acceleration.
On the other hand, if the two velocities are in the opposite direction, the damping force
should be at a minimum to minimize the acceleration of the sprung mass. This control
strategy is based on the "sky-hook" concept. It should be noted that this conncol strategy
requires the measurement of the absolute velocity of the sprung mass. The accurate
measurement of the absolute vibration velocity of the sprung mass on a moving vehicle
is, however, very difficult to achieve. Thus, this control strategy is difficult to implement
in practice.

Strategy B. A control strategy intended to minimize the sprung mass acceleration
by continuously adjusting the damping force. From Eq. (2), it can be seen that to reduce
the sprung mass acceleration to zero, the desired damping coefficient C, is given by

C, = -kQC-y)/(ý-•,) (3)

where z-y and Z-ý are the relative displacement and relative velocity acro!,s the damper,
resp'ectively.

It should be noted that this coiltrol strategy only requires the measurements of
relative displacement and velocity btctween tie sprung and unsprung mass, which can
easily be made in practice. It should be pointed out that to satisfy Eq. (3). the desired
damping coeffecient may be negative under certain circumstances. Since negative
damping can not be realized in practice without active power input, the minimum possible
damping should be applied in this case. On the other hand, if the desired damping
coefficient, as determined by Eq. (3), is beyond the range that the active damper can
supply, the maximum possible damping should then be applied. This control strategy is
similar to that proposed by Alanoly and Sankar-6 and Jolly and Miller'.

Strategy C. A control strategy similar to strategy B, but instead of continuously
adjusting the damping force, it will be set at either the maximum or the minimum value,
dependent upon the operating conditions.

From Eq. 3, the desired damping coefficient C, is

C, • -k 2(Z-y)e(n-t)
If C, S; C,,, then damlpinlg is Set at tile mlinliftum11 level
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if C. > C,, then damping is set at the maximum level
where Ch, is referred to as the threshold damping coefficient. Based oil the results of
simulation and experimental study, the suitable value of C, may be taken as 0.3 C€, where

C, is the critical damping coefficient for the sprung-mass system.
The three control strategies described above are referred to as ride comfort control

strategies A, B and C, respectively.

2.2 Control Strategies for Improving Road Holding
it should be understood that the strategies described in the previous section are

designed for improving ride comfort. It will be shown later that these strategies do not
necessarily offer improved road holding. To improve riui holding, the following two
strategies are studied. The objective is to maintain the normal load between the tire and
the road at a certain level by modulatinig the damping force in accordamce with operating
conditions.

Strategy A. An on-off control strategy for modulating the damping force based
on the direction of the relative velocity between the sprung and unsprung mass.

If i-9 > 0, then the damping is set at the minimum level,
and if i-, < 0, then the damping is set at the maximum level.
This strategy indicates that if the relative velocity is positive, that is, the damping force
exerted on the tire is upward, then the value of the damping coefficient should be set at
the minimum level to help maintain the normal load between the tire and the road. On
the other hand, if the damping force exerted on the tire is downward, the damping is set
at the maximum level to enhance road holding.

Strategy B. A control strategy initended to minimize the dynamic tire deflection
by continuously adjusting the damping force. From Eq. (1), it can be seen that to reduce
the dynamic tire deflection (y-x) to zero, the desired damping coefficient C, is given by

Cd, -[k(z -y) -m1yJ1/(t -9) (4)

It should be pointed out that to satisfy Eq. (4), the desired damping coefficient
may be negative under certain circumstances. Since negative damping cannot be realized
in practice without active power input, the minimum possible damping should be applied
in this case. On the other hand, if the desired damping coefficient, as determined by Eq.
(4), is beyond the range that the active damper can supply, the maximum possible
damping should then be applied.

The two control strategies described above are referred to as road holding control
strategies A and B, respectively.

2.3 Control Strategies for Enhancing Both Ride Comfort and Road Hulding
The control strategies described in section 2.2 are intended for improving road

holding. It will be shown later that these strategies do not necessarily offer improved ride
comfort. In an attempt to provide a proper balance between ride comfort and road
holding, the following three control strategies, which will be referred to as composite
control strategies A, B and C. are examined.
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Strategy A. A coiniposite control state~igy based on the riAxo ot the dynaiicn tife

deflection to tile SLaIC tare dCtlCCtIOIn. Thte dnirtping coKifi~cicnt C, lor this contirol
%tL~tegy is set in accodaCr~nce %kith thlt tollowing condition

Cd-UC,.(I -U)C, 4s)

where iCL is the catiti (t the dy fljin tirr tjetlectiatl to the .wtit. itire detlec;ion. thiat is.

a .]y -xVj~I~ nt2m)gIA1 . and (', wid C, i~rc the desired) damnping~ cmtfttic'nt tori n%&i
holduil; aatd tor ndc ttmnlor. aejease.is adktined pTe'iiou%1N

It should he noted that 'Ahen u-'4). the dAiutpntIfg CO~tC111001 C, t _. shiCh nm11CA1s
th~Ai the contiol as. tocused (-,n irnpr iingt nde :o~illtrt ()I the 1)tht'r h~iiid. it (11 the
di~amaping coefficienat % AIIILh nwrAaas thAl the L011tnt a% ,onwccitr~atcd oniIpnipm ang

rra.id holding
It %hould he ncicttonred t1.at the kk~n.aati 'Tirt dClkt,101 (%o %). 'A110 hIN hM A% Jst.I

coantrol paiainhtcr. can lx doited tin.m ahe 17VA1TaC1 .11LI'lertitima tit thi: 'pnhlg mtid
kins.prunt: lfl4hoC%. as tollot

s z (mVm.,Vk ~461

str~iregy Bi lTh: slAaatng iso.:ill. ten 1' isC stito tile isti .,Ia c! ihe , otit
delitid pres tousily. dcepende-nt ulpoa the i-lu titc oft. thma a'

anad (~{.it 11. (A.

Alkclv (X,. 1% tile lhrcshsld % aue for thle rtao tif thle klý ailltil Mie LIi tiet ta011 141 tile saItta
meiactlefcta-.n B~ased ont the rcsult, tit %itimai.ption anti eiiiiinhtnietil sauds., is, iajs tic
ta~keni a% 0.5

Ths. strrate gy a rdac.te tUl af atithe dý nIAa naL tile kiele IIttaio iii l Sh tilt: 'int!o I% a

oc u scd onl impirv ting ride oinat ori. O n the otiher hi~iaad. %hci thle &t.11.i1111C tiele d11CLii ii
as higher thani I prtdeatcmimcd saluc. thle timttollis 1 t% rija on tinallosi-ng Toiud

Str~arcgy C Sinaalmt to sar~ate\ It destritied those. the d.milati~g istw.tttcielat
depends upion the value ii) (L hi"m Loontrl %tavatcp I is desciahea I-, lol054.

Civ set it the maxaimumn tdamapinzg %dltic. it it a~

.and if aX C1,,

3. Simulattion Study of Varioum S aifrot Striategies

3.1 Vibration IioLanum
The s arouu conatrol %trjite gte de st Ia kit a.i k Std tic e .111,11r iet.ra, ompiiapirt ii uiig

Computer %imutittioni, bwAie oil thle quuiter i La ntkfrl %hot~ In I-iy. I hi p~ArdmcIvrs of
the ltitikI aml nit,4. 2 kg. n, -4-4 2 lig. k,7-23l % LN/ma. k.. -2 AX44 k\inz KIteet-tot
from titlte groiunt , IS..IIICL u it) bot: si nusodtaa St t h..i aI a tide ItI profilue til ti t)

main !-or the scl i ct s su'.peC rs1-ClioI %kt ah the cintttiiii .i ni alt siyta ac% lifs te d~ampil.g
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r4il O 'a.l %At" ,ko)IltiflloU4I% tritn t I I to ).I and hil hr Ui nLWI1%:0l ýthl .411 oni it

.'onttol. I•" tL1aiping rAJio i., liLkn o he 4) 1 4onnino %en the tntrlil i, (,It ind 1u 0

(nuint mur AI'Ihtn it I% onI

c o... poszive 0.3
mo4 riae comfort control 8
.- rood holding control B
* * composite control (C)

S1 10
FREQUENCY (Hz)

-iguri' 2 A (oinpa;rimmn of the trans i h% ibilillcs for di ft- ye Olln control straLegies
ha',d oit n 'illltollI rc•ult%

I igure 2 thows the transmissibility, which is the ratio of the 'mt mneain square
411'. 1 al uc io the aCCce loCll .)41 o1 ile spirung mass to that of thie ii ie-ground contact point,
totr clil autivc "uspcnsions with the various cotrtol strategies described previously. For
L4 41iparIson. tile tra snsissibility of a passive s uspcn1s1i01 with a damping ratio of 0.3 is
al~m• %wl iwn F ig. 2.

Ihu colntrol strategy A for ride comfort underperforms the control strategy B, and
tt-c control strategy C yields similar results to those for the control strategy B. 'hericort.
.. il.I th. simulailon results for the control strategy B for ride comfort are shown in Fig.

"The t'ansin.issibilities for the semi-active suspensions with the control strategy B
for toad holding and with the composite control '%trategy C are also shown in Fig. 2. It
,.hould he nientioned that the control strategy A for road holding underperforms the
control ,trategy B and thew-fore is not included in the figure.
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c* 04* Postive 0.3
z aiS4ww ride comfort control(8

&4*-- rood holdinq control (6)
'** A* composite control (C)

LU.

z

0 1 i L I I I I I

o 1 10
FREQUENCY (Hz)

Figure .1 A Col4paitr,. (if the dvynanic Lire dollcction ratio% tot ilitter'nit
control strate•L+gIs h.'- mid olh MiiiI.t Iitelh

From Fig. 2, it caln he seeni that the tranimibin it, v, i the sksplinislonl with tile.
coIr.rol strategy B for ride comfort i. coot puable to thai of tihe c.ItIt V.nt inal passivye
system around the natural frequecncy of the sprung ilas and is lower at olher trequencle•,.
The transmissibility of the suspension with the control .trategy 11 tOr Moad holding Ps
comparable to that with the control stralegy B for ride comfort ait Irequencies below I I i/,
beyt nd that it is higher. T'he transmissihilities ot the suspension with the coml•)stc
control strategies A and B are similar and arc comparable to. or lower than, thai of the
passive system at frequencies below the natural frequency of the unsprung otas. biut
higher beyond that. The transmissibility of the suspension wih the composite control
strategy C is similar to those of the composite control strategies A and B at frequenc:ies
below 6 i-z, where the maximum damping is applied. Beyond that it increases and
reaches a peak at approximately 7 Itz. At frequencies higher than 7 tiz. the
transmissibility decreases and subsequerly is comparable to that of the passive systemn.
For simplicity, only the transmissibility for the composite control strategy C is shown in
Fig. 2.

Based on the results shown in Fig. 2. it can be said that frow the vibraition
isolation point of view, the control strategy b for ride comfort is .uperior to all others.
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LJ

Cr

z
Z0

(AJ
w

CL ". " o passive 0.3
(A rMOO ride comfort control (8)

D & rood holding rontrol (bi
0 *) composite control (C)

FREQUENCY (Hz)
Figure 4 A m:uiparisoik of the suspension travel ratos for dz' lercnt r:ottrol
%trateties bad on stiulation resul's

The strategies uesigned for improving road holding, as well us the coinp'site control
strategies Niudied. are unable to provide the same lt;vel of vibration isolation as the
strategy specifically designed for improving ride conitw.r;, such as the control strategy il
for ride comfort. This is due to the fact that for the suspcinsjoit to exert force (i.e. the
adjustable damping force in a %emi-active sy:tenll) it) control the normtal f"rxe '1,:fwcn
tile tire and the ground, this control for.c must be reacted against ilie s•,ng n, ':%. hcuet
increasing tile florce applied tl, the sprung mnass (i.e., vehicle hdly) an . ,;'using a
deterioration in the vibration isolation characteristic%.

3.2 Road Holding
Figure 3 shows the dynamic tire dcPlectton ratio, which is the ratio of the rtms

value of dynamic tire deflection to that of the ro'tad profile, f'o ,cnmi-active suspenr:zons

with the various control strategies described previously. For •n-iparison, the dynamrm oire
deflection ratio for the conventional passive system with damping raio of (0-3 ); also
shown in Fig. 3.

From Fig. 3, it can be -.'en that the senii-aitive suspension with the contmol
strategy B for road holding outperlomts all others over a wide rang" of' frequency,
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although it has slightly higher dyixanic- the dcflect~on ratio ttran the conventional passive
system aad the suspension with the compf~site control strategy C at frequencies higher
than the natural frequency of the unsprung mass It should be noted that with the
composite cofrlao stratogy C, the dynamic tire deflection ratio rises rapidly %i a frequenc)
of 6 Hz, wheze the maximum damping ratio' of 1.0 it in effect. 'Ihe dynamic tin
deflection ratio reaches a peak at apprrc-,Zimatcly 7 izand hýeyond that it decreasirs. This
is similar to the vairiation of the Lransmis.sýbiity with frequency for the composite :ontrol
strategy C shown in Fig. 2. It should be pointed out that with the composite control
s.trattgy C, the dynamic tire. d-flection ratio is the lowest at frequencies higher than the
niaturul fiequency cf the unspitrung mass.

Figure 4 'hows the suspension trawel ratios, which is the ratio uto the nnls value of
the rclative displacement 6etween the sprung ýond unsprung mass to that of the gniuutd
profile, for various control strat'ngics. It can he seen that over a wide range of frequency.
all control str.itegies perform ir, a sm.l:,r way. Hlowever, fromt a frequency just below
the nutural frcequency of the unsprung mass (i.e., approximlately 6 1ILO onward, thec
composite control strategy C autp~tbrrms all othiers examined.

A i-omparison o1 the pe; ftria~nces (-f various control strategic-, with sinusidical
excitaiio~m at vuari(us freqcqaecics. 'onotincd &L'ing computer simulation techniques, is
sumn-rsarizcd in T'able

A a~c 1: Comparison of Simulated Vcrtox-iiaiice! with; VWrious ('omirol Strategiei al

11cor iman.te Frequeny.cies

('L"C ontrol stratzgy -.-1. 7 15

LPassive. (ZO4J .3 7 (1.17 0.14 01.04

Tranis~imyiIJlit,,I road holding Olx) 2.21) 1l. 151 (0.18 0L.08

C.omposite (C) 2.13 10.36 (0.16( 0.04

~passive,. 1,"0.3 (1.25 0.801 1 90 1 I

Dynamic tire r co I 02 09 3
dIcflctu(m ratio road holding (WP 0.23 (0.45 1.40 1.81

Icompo-xsite (C) 8fl.22 1.68 1.73 1.46

passivi', =0.3 1 1.( 1.44 I1.80 1 0.71

Spesentravel id ofr 1) 2.13 1.05 J4.30 (0.80
iai f oad holding (R1) 2 It0 1 ý7 1 I HW10

'Ciips~ (C') 2.13 13_I 2 G ..' 0.48
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A-
iit e5Scht~irco eIK ii atieue n i 7r i n

4.~~~~ I~rnna td R IrUS(trlSatvi'
ih vriuscoFrLUsraID sti h ei.iesupninwr tde

exeimnAll usn-1ure-a li~e ettcl ihAnlctoleoic ()

daup . h tnleIti~a put Iits51 42 g atotsi rngi as i .2k.0h

spingurree5senin he tI'ir of 245kNithe I: Hin dnvusd in thie r used jiii h xpr tetia td

Ts hew vaious Coig. o s.eeitrateiet s forui ane slce riv e SuspeI ansation wrue studied

11111, which is driv~en it y a vat jab Ie speed motor. The E R Muild usCd IS It mliXture- Of
silicone base oil and starch "ArialaR", supplied by UI~h I [Inc, and with a miass ratio of 5
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LO-g-- shear ratio at 1 kV/mrn
**~*~shear ratio at 2 kV/mr-m
-- '- shear ratio at 3 ky/mm 4-,

--- shear stress at 0 kV/mm o a
0L

0 temperature: 40 00

T-

01000 2000 3000
SHEAR RATE (s-')

Figlure 6 Van ation ofithe shear ratio with tlie slicur rate tftilc te I flitld used III
the expeicllients

to 1. The rheological propertlies. of thle ER{ fluid were Ilre-Asttred using a Coucttc
rheonmeter (I.e., concentric Cylinders). with an inside diamecter (it 0~ 1 45 nI lo thle stitor
arid all OUtSide ditillI~tei of 0.1I39 111 for tlie rotor. 'Ilic roI(to is tirn yen a vanabtie speed
motor and thle stator is restrained by a torquie cell. *The tluid dicar %tress is dferived f'roit

hie readings of thle torque Cell. I.tgu iv 6 showks thte va~riatiolm ot shi-ar stress Mi zero
electrical fieldi strengih. as well as that of thle shear11 Wh o 101tile FIR fluld at three
e lectricalI field strengths of' 1 2 ad 3 k V/mm. as al I u net bi of :Alear rate at aI t e ruprature
of 4(Y'(. Shear ratio Is the ratio of the shecar stress de veloflil at a given electrical field
%trength across the fluid to that at ivro clectrical field strentgthr It call fe ween that as the
shear rate inreaeises thec shear ratio decreases. Thbis will have significasnr Influence onl thle
char ae~cristrs o! thle da iantisr. pI;UrIrCuarly at1 111,11 fret)uenIcy Of eCk~ttat'IN. which Will
be diseussed further later.

Since the relative d isplacemneit bet weeni the spruniig anid runsprun g miass antd Lhta
between the unsprung mias% and ground input were used ;I, Control paratiliers inl ,A~tsw
of' thle control strategies examined, linear po(ten~t~iometers were iiisialled to monitor ithese
displacements. III soile enutlro straigies, tile relative ye h s:ity hoetweert thle spruntg arid
urispnting mass was also tisedII as iiControl vaainctster. III 15 case, anI analog ditfleren~itator
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_m

0

S6 -- -- e-v- passive 0 kVW/nm
Sa passive 3 kV/mm

S*- ride comfcrt control (B)
-+ rood holding control (,)

S*composite control (C)
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Figure 7 A comparison of the measured transmissibilities for different
control strategies

was used to differentiate the relative displacement and to obtain the relative velocity.
Figure 7 shows the transmissibilities for variois control strategies, measured using

the quarter-car model test rig with the ER damper de;cribed previously. For comparison,
the transmissibilitics of the system with the ER damper at fixed electrical field stretgths
of 0 and 3 kV/mm are also shown. As noted previously, the shear stress developed by
the ER fluid at a given electrical field strength is a function of shear rate, which is related
to the frequency of excitation. As a result, for a fixed electrical field strength, the
equivalent viscous damping ratio for the ER damper varies with frequency. Figure 8
shows the variation of the equivalent (&amping ratio with frequency of excitation at
electrical field strengths of 0 and 3 kV/mm. This is obtained by comparing the curves
shown in Fig. 7 at 0 and 3 kV/mm with those for a system with a viscous damper having
various damping ratios. It can be seen from Fig. it that at 0 kV/mm without any ER
effect, the damping ratio varies in a narrow range over a wide range of frequency.
Hlowever, at 3 kVfmm, the damping ratic, varies significantly with frequency. At
frequencies up to 2 Hz, the equivalent damping iatio for the ER damper is a constant of
approximately 1.5. Beyond that the equivalent damping ratio decreases rapidly. At
frequencies higher th;n 10 Hz, the equivalent damping ratio decreases to approximately
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Figure 8 Variations of the equivalent damping ratio with frequency for the ER
fluid damper tested

0.2. This means that at higher frequencies, even though a high electrical field is applied
to the ER fluid in the damper, the damping force generated is close to that at zero
electrical field strength. This is primarily due to the phenomenon shown in Figs. 6 and
9, which indicates that the ER effect diminishes with the increase in shear rate. Based
on the data shown in Fig. 8 and the sprung mass and suspension spring stiffness of the
quarter-car model test rig, the damping coefficient of the ER damper at frequency below
2 liz is estimated to 1135 N-/rm and that at frequency of 10 liz is approximately 213
N -s/im. For this reason, the transmissibilities for the passive system with electrical field
strengths of 0 and 3 kV/mm and for the systems with various control strategies are very
close at frequencies higher than 10 l-Hz. Furthermore, at high frequencies (such as 12 Hz),
the duration that the control voltage is applied to the fluid in the ER damper is very short,
as shown in Pig. 9. Consequently, it is unable to change the mechanical properties of the
fluid as intended, and the behaviour of the senmi-active system is essentially the same as
that of a passive system as shown in Fig. 10. On the other hand, at low frequencies, the
duration that the control voltage is applied to the fluid in the ER damper is sufficiently
long, as shown in Fig. 11, so that the intended change in the mechanical properties of the
ER fluid can be realized. As a result, the potential benefits of the sermi-active system can
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Figure 9 Voltage applied to the ER fluid damper for the ride comfort control
strategy B at 12 lIz
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Figure 10 A comparison of tiLe measured sprung mass acceleration before and
after the activation of the ride comfort control strategy B at 12 Hz

be achieved, as shown in Fig. 12. It should be pointed out that the voltage applied to the
ER damper and the acceleration response of the sprung mass shown in Figs. 9-12 were
measured simultaneously. Figure 13 shows the measured dynamic tire deflection ratio as
a function of frequency of excitation for various control strategies. It can be seen that at
frequencies around the sprung mass natural frequency, the dynamic tire deflection ratio

,'3 .,
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Figure 11 Voltage applied to the ER fluid damper for the ride comfort

control strategy B at 1.2 liz
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Figure 12 A comparison of the measured sprung mass acceleration before and

after the activation of the ride comfort contrc.' strategy B at 1.2 liz

of the passive system with no voltage applied to the damper is the highest. At frequencies

around the unsprung mass natural frequency, the passive system with an applied voltage

of 3 kV/mm has the lowest dynamic tire deflection ratio. All other control strategies

perforn in a similar way. They perform better than the passive system at 0 kV/mm at low

frequencies but are worse than the passive system with 3 kV/mm at the high frequency
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Figure 13 A comparison of the measured dynamic tire deflection ratios fw
different contro_ strategies

range around the unsprung mass ratural frequency. Within the frequency range between
1.5 to 6 Hz. their perfcamance is better than that of the passive system at 3 kV/mmn but
worse than that of the passive system at 0 kV/mm. At frequencies beyond the natural
frequency of the unsprung mass, they behave like the passive system at 0 kV/mmn.

A compari,:on of the measured performances of a semi-active suspension with an
ER fluid damper and variou:; control strategies, obtained using a quarter-car model test
rig, is shown in Table 2.

5. Clos~iig Renuirks
I. The basic rzq iirement for a suspension system is to provide adequate ride

comfort and road holding for a given suspension travel. Various control strategies for
semi-act; ýe susxension to achieve improved ride comfort and/or road holding were
investir•,ted.

Simulation results show that the strategies designed for enhancing ride comfort do
not necessarily provide improved road holding characteristics, and vice versa. This is
primarily due to the fact that for the su.-"ension to exert force (i.e., the adjustable
damping force in a semi-active system) to co:'trol the normNi force between the tire and
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the ground, this control force must react against the sprung mass. This increases the force
applied to the sprung mass (i.e., the vehicle body) and causes a deterioration in ride
comfort. Consequently, a suitable composite control strategy to accommodate the
requirument of improving bcth the ride comfort and the road holding is required.

2. The performance of a semi-active suspension system with an electrorheological
fluid damper and having various control strategies was measured using a quarter-car
model test fig.

It is found that the damping characteristics of the ER fluid dumper used in the
study depend not only on the electrical field strength but also on the frequency of
excitation. For the ER fluid used, the equivalent da'raping ratio decreases significantly
with the increase in the frequency of excitation. This is primarily due to the fact that the

Table 2: Comparison of Measured Performance with Various Control Strategies at
Four Discrete Frequencies

Performance Frequency, Hz
parameter Control strategy 1.2 5 10 14

passive, 0 kV/mm 5.68 0.08 0.14 0.02

passive, 3 kV/mm 1.16 0.23 0.20 0.04

ride. comfort (B) 1.41 0.07 0.11 0.02

road holding (B) 1.42 0.08 0.14 0.02

composite (C) 1.41 0.07 0.14 0.03

passive, 0 kV/mirm 0.60 0.35 2.92 1.57

passive. 3 kV/mm 0.14 0.48 1.90 1.03

Dynamic tire ride comfort (B) 0.19 0.38 2.91 1.60
deflection ratio

road holding (B) 0.16 0.35 2.70 1.62

composite (C) 0.19 0.38 2.87 1.46

passive, 0 kV/mm 4.76 1.27 2.02 0.48

passive, 3 kV/mm 0.32 1.32 1.66 1.20

Suspension ride comfort (B) 1.11 1.29 2.0A 0.49

,ravel ratio

F road holding (B) 1.A) 1.28 1.92 0.45

_]compasite_(C) 1.11 1.28 [ 1.92 0.45

shear ratio of the ER fluid used decreases with the increase in the shear rate. Furthermore,
at high frequencies, the duration of the applied voltage with any of the control strategies
examined is very short. Consequently, there is little difference in the measured
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pert omance iti the %rvi. actie susrninon with different control ,tratcgie% cxamiincd ovcr
a wide frtque.ncy range To achicvc the xotential .l an -R fluid damper. mil,rovenicnt't
in the mechanical ibehaviour ofI FR fluids are a ke) facitr.
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Application of LI.trtuoeotog.'ll |'uid in ';Iltx-k APIorlxn,;

W6i (T-cnguan
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ThL. paper deah, with the appIplcatfutu uf elecULruttculuitaiil hlujd', • F.R!) tit thud. ab-

liorbe•., Thile. kind ,f ;iuck bLrbctr C RF1 td1uck glaourber wUw Lunpuits force calt

be cujitrulledl cutil ;u'uly atndI quickly wit, l ectric ,.i•t•l. will be ut.ed in Iltany

kilnds, uti i.e.hlhaltlI equlloliunt fur vibretiuit cnl':,'ol. Tite t'pleal •L,'Uctures uf the

ERF Ohuck abtorber are mtentluned. 'The rcqulreneitka kit Ic ERF ellCipluyeyl int t6hwk

atiutibene are UJltui.ed, A Iiew kind uf iLAtuk altelber nldii i cuiLlrtA u.yultetn are

develuped ill lthi paper. The itmltn re.sul.t A the [ERF slhtick aLtirbcr are ,offered.

1. 111e ERF (Electrorheological Fluid) Shock Absorber

ERF and its engincering applicatiors have gained more and more attention in

recent years. This is because the viscosity of ERF cannot only be varied by the

change it, voltage of an electric field, but also be- continuously and reversibly

controlled. Furthermore it is hig-dy ruponsive. Thus ERF can be used to solve some

difficult engineering applications.

So far, ERF usage has been proposed in shock absorbers, clutches, engine

mounts, liquid fuel, automatic control devices and brakes as well as for various

applications in the aviation industry, etc. 1. Among those the most prospective

applications are in shock absorbers and clutches. This paper deals with the application

of ERF in shock absorbers, that is the ERF shock absoiber.

Ilic traditional shock absorber whose damping force is generated by throttle



pre.,.ure io3 ferewvc. ikieng vrtied by !he chan,&e in area of the orif ice, ille da~mping

forix can not be cuntroiicdJ sootlhly ats- precisely Gv.-r A wide rankc of v~oiis
So twrly when the road conditions eiu~mgt romrkuh may the Khock atsorb-er

offer different forccs to neet the dn-mands uf Cwfoirf~t and safcty. While thle dam--ping
forue of the LRV shuck absorber is activey contioLled by a control system. Ihrough
exact sensing ol'.',he rcid cocidltionx arid the cctOnuou.. OhNge in the vseosiy of dhe
fluid the damping force of the LRIF shuek absorbet can he q~uickly arid smc-othlly

controlled to realize the optimal cooperation between Thock absoUrber and elastic !I-
ernent.

Compared with the traridionai hydraulic shock atzorber, the LIM` slioct ab-
sorber can more properly meet the deinauvis of v;.infoai und safety. Thcrefore, the
ERF shock absorber is %jn imporlant development in the evolution of Ji,:--k ulrwoiter

design.

2. Typical Structures of the ERF Shock Absorber
The. history of the M-Fshcv'1 fbtrber is very short, so the research work Ls still

in the exploratory stage. In gnrl, ' i ýRF slto atsvsrbers can be divided into the
following typical structures, a strtwture wilh fixed ele~trode- plates and a structure

with nliding electrode plates'. Se Fig. L.

Different str;utures Wave different advaniage.s. Usually a by -- pass line is in-
stalled inside the lRT shock absorber with fixed plates and the electrode plates are

located in the by - pass line. When the pisqton moves reciprocaltly in the chamnber,
ERF' flows between thL 'Ipper and the lower chambers through the electrode plates.
Thie viscosity of the ERF can be varled biy changing the differential voltage between
two electrode plate,% !o adapt the damping force to road conditions. With largc
electrode plates and a long flow pa&sage, this kind of structure has a high reliability.

liuwcver, bveause of the by---ouss line, the dimension of the shock absorber is in-

creas~ed and with many electrode plates huat dissipation is decreased.

In tbse structure with sliding plates, generally, one of the plates is installed in
the piston. T[hus the plate and the piston move together. ERF flows betwecn the up--

per and the lower chambers through the orifices in the piston. '[his kind of stru-ture

is compact and effectively dissipates he-at. But, due to the restriction of stroke

length, the axial dimension of the piston is limitedA, thus the area of the electrode
plates can not be large enough to meet the demands of high damping.

Practically, the ERF shock absorber tshould be designed on the basis of the tra--

ditional structure of dhe hydraulic shock absorber with high working reliability. Thus

the ERF shock absorber should have both high control sensitivity and hgig working
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a) idi~ng pLate daLimpr b) fixed electrode valve damper

Figure I Typical structures of the ERF shock absorber
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reliability to provide an adaptable damping force according to road conditions so as to

tix~et the requirements of riler comfort and drivinig safety.

3.Problem~s in the Structural Design of the ERF Shock Absorber
As- mentioned before, the study of the U07 sliock absorber still remains in a

period of exploration. So more efforts should be put forth to practically utilize the

LIM' shock absorber in vehicles to gain a commeicial profit. 'Thei main problemsL arc

as followst

'I'he ERF shock abuorber needs a very high voltage differential to make the

viscosity of the L~I~change dramatically in a very shourt period of timec. 111c external
dimiensions of the shock absorber is limited, so the space for thec electrode plates is

also limited. But the LRF shock absorber demands that the area of the electrode plates
be large' enough to guarantee the reqjuired increase in the viscosity of the UZI`. In

additlon, the gal) between the plates must also be considered. Obviously a Large gap

will lead to a dtTcea~se in the strength of the electric field with a fixed voltage and in
creca'e the external dimension of the shock absorber. A very small gap has the daingcr

of resalting in the failure of the electric field when a highi voltage is applied.
Addlitionally, the problem of electrical insulation should be consIdered.

First. at high temperatures, the saturated vapor presure of the liquid will be

devreased * which mnakes it easy fu~r emnulsiLficatior, to occur. Lspecially in the rebound
cycle of shock absorber, high temperatures and negative pressures result in Vic

fovi-uation of vapor bubbles in the liquid. 'Ibouugh the damping force of the. EI.ZR

shock absorber L% adapted by changing the viscosity of the ElRF. naturally, it is still

an energy consuming shock absorber whome damping force is generated by the

pressure drop across the orifice. This kind of shock absorber requires the liquid to be
incompressible. When there is air in the liquid, the liquid becomes elastic and its

performance is not stable, T'his will negatively influence the generation of thc!
damping force. Serious emulsification even leads to the failure of shock absorber.

Secondly, the damping force of the shuck absorber is adapted to the road

cop~ditions by changing the viseosity of the ERF. High temperatures make the

viscosity of the E.RF decrease. Thus in spite of a high voltage application, it would
not be easy for the shock absorber to provide a high damping force. In addition,

vapor bubbles generatcd by the emnulsification of the liquid at high temperatures

would le-Ai to tlhc electric field failing and mnake the damping force decrease un-

expectedly. *flus, a continuous damping force can not be guaranteed.
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Therefore, heat dissipation in the structural design of the ERF shock absorber in

order to protect the shock absorber from failing to work in a high temperature

environment is a very important problem for the researcher to solve.

3. 3. Requrmunei of RRF

ERF characteristics are important factors in its application in shock absorbers.

Without u high quality ERF. the ERF shock absorber can never provide an im-
mediate and suitable damping force. For the ERF shock absorber application, a high

quality ERF should meet the following requirementsI

A. Viscosity t

Viscosity is an important performance characteristic of ERF. Generally, the

original viscosity of the ERF, that is, the viscosity of the ERF without an electric

field being applied should be low. When the electric field is applied, the viscosity of

the l.RF should dramalically increase with the increase in field stength so that the

shock absorbor can provide the required damping force. When the electric field is
reduced or turned off ,the visccg-!ty of the ERF should decrease simultaneously. Thius

good repeatability and hig&% respow.c sensitivity of the '.LRF are required to guarantee

that the shock absorber will provide a suitable damping force. in its practical working

process.
B. Thermal Stability

As mentioned in the above discussion of h.at dissipation ,the LRI should have
good theirmal stability, that is, thte viscosity of the liquid should change little even at

LWh temperaturwi. In reality a shock absorber often works in a high temperature

environment. Thlierefore, besides considering heat dissipation In the structural design

of the LRF shock absorber, the high thermal stabilLy of the ERE should also be taken

into account in order that the shock absorber will provide enough of a damping force

at high temperatures.

C. Critical Voltage
The viscosity of the ElR" does not always increase with a strengthening of the

electric field. Actually. there Is a critical voltage. When the voltage of the electric

field is higher than the critical voltage, the viscosity of the ERF will no longer in-

crease with a strcngthening of the electric field. it is even 1xasslkc. for the viscosity to

decrease with an increase of the electric field strength. Therefore, the critical voltage

of the LRF should be much higher than the maximum % A1tagc of the electric field so

that the U_' F always works in the safe voltage range. Tais will guarantee that the

ERF shock absorber provides enough of a damping force.

D. Dielet-tric Performance

Generally, the ERF is required to have high dielectric strength. But for the



592

ERF employed in shock absorbers, that requirement is not essential. As mentioned
before, when the shock absorber works the fluid flows very fast between the upper

and lower chambers, which will probably leads to the occurrence of 'vapor bubbles.

With the bubbles which can not bear high voltage the failure of electric field which
makes the damping force decrease remarkably ic easy to occur. However, if there are

electric particles In the ERF, the current can flow through the electric particles.

Then high voltage can be applied on the ERF without leading to the failure of electric

field. Therefore, the shock absorber can provide a continuous damping force. That Is
the special rcquirement of th6 ERF for shock absorbers.

E. Other Requirements

Besides all of the above mentioned requirements, the ERF is required to have

high flowability , wearing capacity and to be absent of eleetrophoresis.

3. 4. Cutrul •Syj,*ern of tihe •R'I1 Smck Absorber

Compared with the traditional shock absorber, the ERF shock absorber has the
advantage of being able to adapt its damping force according to different road

conditions to meet the dema-ds of cmnifort and safety. Road conditions change fast,
so the danping force provided by the shock absorber should also change fast. Thus,

the ERF shock absorbar should have high control sensitivity. The control circuit of

the shock absorber should consist of the following parts I (See figure 2.)
A. Sensors

Sensors collect the information of rider comfort and driving safety in different

road conditions (such as velocity, displacement or acceleration) and transfer the in-

formation to the control unit.

B. Control Unit

In accordance with sensor information, the control unit determines the mag-
nitude of the voltage to be applied to the electrodes and transnmts a signal to the var-

iable voltagc power supply.

C. Variable Voltage Power Supply
According to the signal from the controt unit, the power supply applies the

required voltage to the electrode plates.

D. The ERF Shock Abaorber

The ERF shock absorber provides a damping force corresponding to the strength

of the electric field.
Generally, the ER effect of ERF is very fast, so the response sensitivity of the

whole system mainly depends on the sensitivity of other parts in the control scheme.
Therefore, the control system should be as simple as possible to reduce response

hysteresis such that the overall sensitivity of the system can be improved to guarantee
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that the shock, absorber can provide optirmal dlamping force under any rc-ad

conditions.

3. 5. &Iciabdy arid D)urabiltity
D'ue to ditferent road conditions, a shock absorber has to wo'k in obviously

different circumstances. So the structure of the ERF shock absorber should &bc

designed oin the basi's of the structure of the traditional h!,W-aulic shock ubsorber

which is reliable and durable. 'Thus the ERF shock absorber can have nut only high

control sensitivity but also as high a reliability as the hydraulic shocnk abserbter anid be

durable.

3. 6. -Ieal lk-s'ign
Seal design is also an impertant problem which must Lxie tikcn into ac.ouiot in the

structural design of 'he U F shock absorber.

4. Detailed Structural De-ksign of the ER'F Sh~.ik Absorber

A new kind of structure b-Aed on the tradituonaI hydraulic shock absorber hjas

been dcvel(.pi-d in this paper. We tested the damping perforrizince of the ERF sihock

atbso~bet with a test bed. The tests show that daniping furoe provided by the LRF

shock absorbe-r can remarkably change with the a~pptlaion ol electric field. See

ligure 3.

5i. Conclusions

I1) With a controllable damping force, the E.RF shock atxiortb.,r has become- an

bimportant devclopment in shuck aobwbr design.

2) The EIU- shock absorber re~alizs its olpt.rnw damping control by the mzthod of

changing the viscos-ity of the LRF thronugh varying the strengthL of the CeC~triC field to

ii-iei t ic requiruments of '%afety, and com~ort.
3) The following problems shoulu ke taken into account in the re-searvi of tht: EIW

siock absorber~

A. In structural design, the external dimension should be as small as, possible. L~e~s

ERF should be required. The sti ucture should be compact to inwprwie 'lie ability of

di.,zipatting heat arid marfuize seal reliability.

B. A~rt ER with good pei formance cluaracteristic is an important factoi for the ER1U

shock ah4s-crb-er to provide suititbl- diimpinG. Therefore, thle developmnent of a new

kind of ERF which can zrnei the demrands of tht, ERE shock absorber arid has high

reliability is very importat.

C. TIhe system for coiitrolling, tne UU-- shock abia'rbe., should tbe simple t) improve

the response speed so that the ERF shock absorber -~an pro)%idc z suitable damping
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Figure 3 Damping performance of thc ERF shock absorber
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force irmediately according to road condition.

D. The software for controling the ERF shock absorber shculd be dcveloped.
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ALBST PACT

A very iniqirtant pait of any LAR fluids based system in thle provision of excitation; tni-s is
parlctiarly so since the electrical toad is conductive and highly capacitive. 11, this
efnvilrtmzent thez Surgec wient at switch ou is large and theme are problemis in durnping
thQ chatgc- to cffect a rapid reduction of the voltage level.

Thius paper dexcibfes a voliage switch! which when linked to a steady state supply can be
usccd to effect on-off control. Ilic aiagtatis somewbat at) analogous to theC ER
catch coacept insori-ýchi as it switches one of tbio PR continuer electrodes either to high
pot rtinal or to earth tails, thie othc, electrode Wcing~ perunanently connected to earth Ojust
a - -a, ca~ch .viach.hcx to a steady input motion or a brake). If the supply has a low output
itnpct-ance then tire excitation can; be: rapidly stewod in both ongoing and ofrgoing
directiovs.

The circuit and its op4etati-mf is descr ibed in detaill and btief" peitorwuance. charactetistics
are shiowit for the switch when coottnoted to.-; typical, ctntemporary El?. device.

1. i-dcto

I'his paper describes; an on/off swjiLft to control the supply of' H-T to ain ER
device. The switcht offers a low impedance to Q-T whvii on and a a low impedance short
circuit across the ER device when off, titus rapidly discharging wie capacitance a~ssocatced
witit tite ER device.
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Figure 1. A block diagramn of (lie switch. The EHT 11supply is connected between the
ten'minals indicated and the load .'s connected between the output node. and either EIIT+
or EHT- as required. Any on•e of the three terminals ElHT+, EHT- and OUTPUT mnay be
, onnected to earth providing that the EHT 11supply is capable of operating with wtt-tever
earth schemie is chosen.

xo.•-



i

599

The lack of availability of suitably controllable high tension supplies for ER
application research has inhibited the exploitation of the fast response time of ER fluids.
"The•e exist a mumber of applications where a switch is an attractive drive possibility.
Typical of fli-rse applications is the high speed clutch [1] where rapid switching
overcomes hysteretic problems. In a valve application the speed of response from zero to
maximumt voltage is equally important, in this case to activate a fail safe, stiffening
damper. A multi ER head machine such as a coil winder bank, would benefit from the
provision of common HT rail with individual control switches.

The present work was directed towards the provision of a laboratory standard
switch i.e. one capable of working flexibly over a range of programmed duties. The
voltage supply is provided by the back up steady state HT. unit. Duratiov of excitation is
determined by the input from a signal generator or digital control circuit.

Since the electron-hydraalic time constant of an ER device is short (less than I
msec) and the ER device is being used mainly on account of this factor, the HT. rise and
fall times need to be a maximum of 50 to 100 4.tsec. This requires the switch to have a
low output impedance so that the switch does not add substantially to the time constant of
the ER equivalent circuit [2].

The switch described here was designed to ope ate with HT supply voltages of up
to 4 kV and the circuit was designed to limit the switching current at around 600 mA
(although this figure could easily be increased if required). The high voltage capability
of the switch frees the ER engineer (at least in applications adequately controlled by on-
off switches) from the need to keep the inter-electrode spacing narrow. Wider
interelectrode gaps facilitate a reduction in the zero volts shear stress and thereby reduce
heating problems.

2. The Switch Circuit

2.1 General Details

The circuit described here is based on compound transistors consisting of a
number of high voltage power FETs in series. The switch is formed by using two such
compound transistors, one connected as a common source switch and one as a source
follower that behaves effectively as an active load. The general arrangement of the circuit
is outlined in figure 1.

The two compound transistors in figure 1 are identical. Since the drive for the top
device must be applied with respect to the circuit output which will on occasions be at a
potential close to that of the main high tension supply, the tbp device must be driven via
an opto-isolator capable of withstanding steady potential difference of up to 4kV.
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Effective Drain Connection

C6_ R12
IpF-- I 6801id

IkV 1W R11 10OQ BUZ50B

C5 l RIO

1nF 680kjI
1kV T 1W R9 1000. BIUZOB

C4 R8
lnF- 680kf _

IkV W R7 10Cf0 BUZ5OB

C3 R6
lnF 680ka

1kV 1W R5 1(XOBU5

R1RI

Iko

IIIINI YR4R

1W

Effective Source Connection

Figure 2. The circuit diagram of one of the compound transistors.
Each power M' O ,FET is protected by an 8I0V zcncr diode bctween
drain and gate and a 15V zener diode between gate and source,
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In order to achieve maximum application flexibility and maintain complete
isolation between the control input and the HT circuit, the bottom awitch drive, which
must be with respect to the negative end of the HT supply is also driven by an opto
isolator. The switch earth may thus be used with either positive or negative HT systems.
The supplies VI and V2, which provide the isolated side of the opto isolators and the
input circuits of the top and bottom compound transistors are derived from a small d.c. to
d.c. converter which is also designed to offer d. e. isolation at potential diffcrences of up
to 4kV between any two of its three windings.

In the following sections, the elements of figure I are described in detail and
results are presented which demonstrate the effectiveness of the circuit as an on - off
drive for an electro-rheological device.

2.2 The Compound Transistors

Each compound transistor consists of a chain of five 1000V power MOSiPETs, as
shown in figure 2. A critical requirement in this application is the maintenance of
equitable voltage sharing across each device. This sharing must be effective during both
long term (d.c.) and short term (transient) events. The resistors R4 , R6 , R8, R10 and R12
maintain long term equity of sharing while the capacitots C2 , C3 , C4 , C5 and C6
maintain sharing equ*v during tiansieit events. The time constant of each RC pair (for
example, R4 C2 ) in tliis case is 680).s and this figure effectively marks the boundary
between what the circuit regards as d. c. and what it regards as transient.

"The tolerance of the resisters and capacitors used in the sharing network has a
direct bearing on the accuracy of the sharing process. The tolerance must be sufficieintly
tight to ensure that no FET in the chain can be 3ubjected to either transient or d. c.
voltage levels that exceed its maxnium drain source voltage specificatio,.. In this case the
maximum drain-source voltage that each FET could tolerate was IOOOV and with perfect
sharing there would be a maximumn of 800V across each device so the 5% tolerance of
the resistors and capacitors used offered a comfortable margin of safety. The values of
the resistors and capacitors in the sharing network were chosen so that leakage currents at
the FET gate nodes and inter-electrode capacitance spreads from FET to FET had a
negligible effect on both the long term and the transient sharing behaviour. With an
applied voltage of 4kV across the chain the power lo~s in the sharing resistors is 4.7W.
The capacitors in the sharing chain do not in themselves dissipate energy but in rapid
switching applications the power supply must provide the energy necessary to charge the
capacitors. Since the expected load capacitance may be. as large as lOnF, and since the
capacitance of' the five sharing capacitors in series is 200pF, most of the energy required
for capacitive charging is used by the load. As an exampl', for a lkHz square wave output
of OV to 4kV, the power lost by the power supply because of the sharing capacitors is 1.
6W and that lost because of the load capacitance is 80W. It is worth noting that the 80W
lost to the power supply is ultimately dissipated in the FETs so adequate heat sinking
must be arranged.
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Figure 3. The drive circuit of figure 3a ensures that the switches are never on together.
For each drive figure 3b shows that the turn off delay is much shorter than the turn on delay
thus preventing simultaneous conduction in both top and bottom switches
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The bottom FET in the chain controls the current that flows through the chain.
The arrangement used here gives the chain a well defined transconductance, defined by
R5. With R5 = 10l as shown, the transconductance of the compound transistor is O.IS
and the maximum current that the chain can support is approximately 600mA, a factor
of five below the current carrying capacity of the FETs. Although the maximum current
could be increased if necessary by reducing R5, limiting its value also limits the severity
of the damage to the system that would occur in the event of a transient short circt'it at
the load node. Limitini the current carrying capacity of the chain affects the available
slew rate when the load is capacitive. For a worst case load capacitance of lOnF and a
maximum output current of 600mA, the output slew rate is 60MVs - I leading to a time to
charge the load to 4kV of 671is. This figure was considered adequate for the applications
of interest.

2.3 Drive Circuit

A possibility that must be avoided in circuits such as that of figure 1 is both
compound transistors being simultaneously in an "on" state. In this case the possibility of
simultanenus conduction has been avoided by introducing a small time delay between the
turning off of one device and the turning on of the other. The drive circuit is shown in
figure 3a and the relative timings of the input, Vi, and outputs, V,.1 and Vol are shown in
figure 3b. The delay is generated by the resistor-capacitor-diode combinations which
ensure virtually no turn off delay but introduce a turn on delay of approximately 0. 7RC,
=15pts in this case, Although the resulting modification of drive pulse width may appear
inconvenient from the point of view of pulse width modulated control applications, the
delay is constant and could be compensated for with ease in a digitally basod control
system.

2.4 Drive Isolation for the Compound Transistors

In order to control the compound transistors a control voltage must be applied
between their gates and their sources. To maintain isolation from the lIT supply, the
drive signal is electrically isolated from all parts of the system connected to the 1-HT. As
the purpose of this design was on-off control, digital opto-isolatort were used. The choice
of opto-isolator is not critical providing that:

a) it does not introduce delays that are significant compared to those deliberately
introduced by the drive circuit descriLed in the previous section,

b) it can isolate effectively at the maximum intended operating voltage of the circuit
and

c) its operation is not affected by the large rates of change of voltage across
the isolating medium that occur in high voltage switching applications.

The devices used here could withstand a steady input-output voltage difference of
4kV, could tolerate a maximum rate of change of input-output voltage difference of
2 x 109Vs-I and could operate at data rates of up to 5Mltz.
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Figure 4. The circuit diagram of the isolated power supply for the compound transistors
and their associated opto isolators. Only one secondary circuit is shown
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Figure 5. Full Switching Cycle
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It was necessary to provide two isolated low voltage power supplies to power both
the isolated side of the opto-isolator and the operational amplifici in the compound
transistors. The isolated supplies of ±1 5V were derived using a simple forward converter
with a transformer wound in such a way as to offer the required isolation. The isolated
power supply circuit is shown in figure 4.

3. Specimen Test Results

Figure 5 shows a full switching cycle test result. The ER load was a concentric
cylinder catch [I]. (60 nun dia x 60 mm long, 0.75 mm gap sl•ed 100 rpm, fluid Lipol
30/W).

Details of the. initial charging spike are not truly representative of the event due to
the finite sampling rate set oil tie data acquisition anit. Current decay duration times
(after switching) depend on the properties of the ER fluid, are seen to be roughly the
same in bothi directions and will impose a limiting cycling rate. Whilst the current
continues to change the voltage supplied will carry on settling.

The result was measured using a unidirectional drive polarity. This can be
changed say to combat any dielectrophoretic tendencies in a fluid. In this event polarity
can be reversed on alternate excitation applied periods, by using two switch modules in
aln Ii bridge configuration. This requires only one voltage supply,

4. Discussions

The device described in tbis paper is primarily for experimental or prototype use.
In a production mode the design wuuld be influenced by the specific load (suffix L) size
and the availability and price economics of components.

In optimising an ER device the inter electrode gap size h and surface area A may
be altered. For example, non linearities aside, the load resistance and capacitance vary
as xL a h/A and CL ot Aih respectively. Hence the larger the gap size, the greater V (to
maintain V/h and the eleetro-stress) and the smaller CL. The effect of such a manoeuvre
wot!ld be to steepen the voltage slew rate but, also to cause more power to be dissipated
in the switch since the stored energy in the load capacitance would inclease linearly with
applied voltage (for constant F).

The exact reduction in current i drawn will depend on the linearity of the electric
load. I his will change from fluid to fluid. Nevertheless the current to be switched will
fall as It is increased, without detriment to the performance on the speed connectien of the
F.witch.
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In very general and comparative terms the switch off performance is vastly
superior to that obtained when the previous switch was used on the same clutch, in that
instance employing an open circuit method of removing drive - Fig 6.

rpm
1200 V

1000-

800 I

600-

400-

200-

0-
0 10 20 30 4.0 50 60

Time ms

Figure 6. Comparative figure for open circuit 'switch off [1].
Decline of o-2 is fixed by inertia of rotating parts.

5. Conclusions

A circuit capable of rapidly switching an ER device both on and off has been
described. The slew rate with a IOnF load capacitance is 60MVs- 1 in both the turn on and
the turn off directions and this figure could be increased if necessary by the simple
expedient of changing two resistors. The circuit has bccn zhown to operate successfully
with an ER device as a load and is presently being used to evaluate the effectiveness of
pulse width modulated control strategies for ER devices. It is expected that further
developments will lead to a circuit offering a linear input-output relationship, thus
enabling a direct comparison of pulse width modulated and proporlional control
strategies.
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ABSTRACT

The work rulorted, in con~junction with p&&it 11. forams an early stup in the developmennt of
conatrollahle and fmwt resp()I'dihlg eleetio-rhe4cogiul~ei (ER) fluid hearzins. The fpoact jen
beinaviour of'an uziexcitedl ER fluid under conditionk of combined Coueltt and P(IiscuiIIC
:low, a comabination of* ishcr anode flow and valve mode flow iii et'lect, is investigated. It>
comIp~arisonI beweewn theoretical predictions and expferimenatal maeasmesuecnets of the steady
state hydrodynamic premsure generated uging ER fluid it in shown thatl, f~or the conditions
examnined. a Wearing flow can be couwid'irod on the hasids of a coninLIuumI amulysis.

I1. Nomwiciaature

i;Ilinghian numtber
C ~constants of integrationt

I: step height of bearing
1, length to pressure tap~ping

11C arc lengtht to pressure tapping
1) pressure
P, diinensionlecss pressure gradient

q volume rate of flow per unit width
r radius

Roj~jý inner and outer radius of bearing
11 linear velocity of fluid
11 linear velocity of moving surface

W bearing width
shear rate

77 Newtonian viscosity
)11, plastic viscosity
o ~absolute temperature
r ~shear stress
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7, yield shear stress

W• angular velocity of fluid
Ql angular velocity of moving surface

B and P are defined by

B Dh p d (I)

11 U d idx PU

for flow between flat plates and

", h dph2 (2)
1 tQro R dO Yj t1R,

for flow between concentric cylinders.

2. Introduction

The growing number of potential applications for electro-rheological (ER) fluids1

establishes the need to investigate the fundamental properties of such a fluid. Of
particular importance is how to design with an ER fluid. Physically the fluid is a two-
phase mixture, however, the use of a continuum assumption for the fluid to provide at
least approximations to its in-service behaviour would be useful in engineering design.
The present paper is the forerunner, perhaps, of a conclusive step in establishing the
continuum principle for excited ER fluids in shear flows with pre.sure gradients.

Previous experimental work employing ER fluids has focused principally on
circumstances of either purely Coueite flow or purely Poiscuille flow. Herein the
condition of combined Couette and Poiseuille flow is examined. Simply, the question of
whether it is possible to use continuum theory together with ER fluid data, obtained from
straightforward viscometric tests, to predict hydrodynanmic pressures generated using the
fluid, is posed. This question cannot be answered with any authority at present, the
answer is of use to those involved in developing ER fluid engineering devices. In
particular, the principal driving force behind this work is the potential contrioution that
ER fluid controlled bearings could mnake towards a new generation of flexible and durable
high speed machines. The concept of ER fluid bearings has seen some theoretical
analysis 2'3 , the work herein, together with associated work4, 5, would appear to be the
first effurts tuwards practical assessment. Previously reported4 experimental data is

included and discussed to illustrate the need for the improved experimental procedure
used to obtain new data.
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The work comprises four elements.

I. Measurement of fluid properties using conventional viscomctry.
2. Development of the continuum theory.
3. Experimental measurement of hydrodynamic pressure generation.
4. Comparison of theory and practice.

Interest often centres solely around the behaviour of excited ER fluid. This work
however, reqluires the consideration of unexcited fluid, performed herein, prior to the
investigation of excited fluid which is reported in part Il'

3. Fluid description and properties.

"The ER fluid used in the tests comprised a dielectric liquid with lithium
polymcthacrylate particles averaging about 5 um in diameter and occupying about 30%
by volume of the mixture. The water content of the particles was 15-18% by weight.
This is a typical 'wet' fluid 6 and it has been used in other ER fluid experimental
investigations 7.8,

Unexcited ER fluid was tested in a conventional cone-on-plate viscometer across a
shear rate range of 200 to 6300 s-1. The cone used in the viscometer had a diameter of
50 mm. and a cone angle of 0.3'. This means that within a radius of approximately I
mm from the cone tip, where the cone / plate separation is less than the average particle
size, the fluid had a low particle concentration. Any effect of this is however considered
negligible when compared to the total cone radius of 50 mim. It is possible that particles
could become trapped between the cone and the plate aad adversely affect the test results,
if this occurred to any significant extent it would be evident in the comparison of
repeated tests.

Prior to the extraction of a fluid sample for testing in the viscometer the ER fluid
container was briefly shaken to ensure homogeneity of the fluid. Three nc, linal test
temperatures were used, 22.5. 30.0, and 39.0 'C, to cover the temperature range of the
step bearing tests, and the fluid temperature was maintained constant during each test to
within ± 0.4 'C.

A complete test involved the following procedure performed after thermal equilibrium
had been achieved:

1. Measure shear stress for various shear rates three times. The fluid so tested is
referred to as unworked.

2. Work the fluid for 36 minutes at ' 3152 s5l.
3 Reduce shear rate to zero briefly then recoid shear stresses three more times, the

results are referred to as applying to worked fluid.
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Each test was repeated using a new fluid sample. Data was collected by repeatedly setting
the shear rate at a required value and recording the corresponding shear stress.
Measurements were taken whilst the shear rate was both sequentially increased and
sequentially decreased, and were taken rapidly to minintise the effect of any time
dependence of the fluid. The data collected is shown in figures 1 and 2 where straight
lines have been fitted through the average value of ," at each j. The variation in the
rcpeated data from both the same test and from different tests is in general small, being
significant naly at low shear rates for the worked fluid. This is possibly due to the fluid
relaxing after being worked and so being somewhat unstable at low shear rates. There
is no obvious problem with particle size and cone / plate separation,

Figures 1 and 2 indicate that the fluid can be closely approximated as a Bingham
plastic, defined by

T 10 + 't~sgr0y, HT z KIT 3(3)

= 0 ITI I< ,1

The values for .p and r,, fromt the straight lines in figures 1 and 2 are given in tible I
and show that r, for unwoiked fluid is approximately constant with temperature. When
th' fluid is workcd r, tends to increase and appears to become dependent upon
temperature. The plastic viscosity, 'q, of both unworked and worked fluid decreases as
temperature increases, as would normally be expected, and does not appear to change by
any significant amount when the fluid is worked.

unworked fluid worked fluid

Temp./°C r, / N" 1  1' Temp./"C 'r, / Nm2 Nsm 2

22.5 26.7 0,188 22.7 148 0.187

30.0 32.5 0.107 30.0 79.8 0.113

39.2 22.1 0.0611 39.0 51.1 0.0585

"Table I Yield shear stir.s %no plastic visuositY otf ER fliid at different temperatures
fro'i cone.-on-plate viscometer.

The possibility of an unexcited ER fluid exhibiting a yield shear stress has been noted
previously 9 and can itsult from stabilising agenls in the fluids10 . Although the data
suggests a yield shear stress for the fluid used here it is not proven to exist to its exact
definition (that is at ' 0). However, the Biugham model is a better fit to the data than
the Newtonian model. Figure I suggests that the difference between the two models is
small, it is however application dependent and cannot necessarily be ignoredl.
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Bearing 1, /Fmm h / mm w /mm

i 10.72 0.25 5.10

14.88 0.244 6.86

3 10.16 0.28 6.91

4 10.16 0.464 6.91

Table 2 Bearing dimensions. (all bearings art part circular with RO( 29.25 m.)n.

5. Theory

The flow solutions emplcyed are given in outline only, being detailed elsewhere 3

The following assumptions are made :

) the flow in the bearing is fully developed, one dimensional, laminar, and
isothermal,

ii) the fluid is a Bingham plastic, and is incompressible.

Figure 5 shows the form of the velocity profiles for a Newtonian fluid and a Biingham
plastic flowing in a plane step bearing at a net zero volumetric flowrate. In the Bingham
plastic a core of unyielded fluid occurs in region 2, where 1 T ; < 1 r, I , while in
regions I and 3 1 I - I r, i and the fluid is being sheared. For a Bingham plastic
flowing between parallel walls there are four possible forms of velocity prole13 '11

i) A core existing within the flow as in figure 5.
ii) A core attached to the moving surface.
iii) A core attached to the stationary surface.
iv) No core, the fluid is yielded all across the gap.

For the experimental conditions and theoretical assumptions made in this work it has been
provedI I for both plane and part.-circular bearing geometries that only profiles of type
i) in this list, that is of the form shown in figure 5, are possible. Such a conclusion can
be drawn without recourse to analysis by considering th, requirements:

.) For zero flow rate there must be some fluid flowing 'forwards' and some flowing
'backwards'.

b) There is no slip at the boundaries.
c) The shear rate cannot be equal to zero without a core region being presen, so

fluid velocity does not change from being positive to negative or vice versa other
than across a core region.
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Considering the plane bearing shown in figure 3(i) with h2 set to zero. Using the
assumptions given above the equation of motion for the fluid in the bearing is

dp _• , (5)
dx dy

Combining this with the Bingham plastic constitutive equation (3) results in

=I y2 _ .C.y + Cly " C2  I,, ' I1¾1 (6)
P 2 dx

where r' = re depending upon whether ry, is positive or negative; shear rate and
therefore shear stress changes sign across a core so the sign of I- must be changed
accordingly.

Equation (6) is applied separately to the regions of sheared flow, above and below the
core, to determine the velocity profile of the flow with the constants, Cn, being obtained
using the appropriate boundary conditions from

a,b) No slip at the walls.
c) At the boundaries of a core rY, = 7', i.e. = 0.

d) From equilibrium of the forces on a core under steady flow conditions the core
has a thickness given by

2t-C
Y2 - yl = (7)

dp

The condition of no slip of the walls has heen identified1 2 as questionable with ERF
as 'wall slip' is not unusual in concentrated suspensions. Unknowns such as this form the
reason for the present investigation, being a test ol whether continuum assumptions and
conditions can be used as close approximations. Having correctly determined the velocity
profile the volumetric flowrate is straightforwardly obtained from

h Y1  Y2 k

q = fu dy = fu dy, fu dy + fu dy (8)

0 0 Yt Y2

Using the dimensionless parameters B and P, as defined in equation (1), and iriposing
the required condition of volumetric flowrate equal to zero gives

!- - - - - - - - -
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= 1+ 2 ~ + 3- P

S-- _- -L h , --
(9)

Y2 Yl 2 B I B -1
h h P 2 P P - 2B

This is only valid when 0 < y< Y2 < h, which can be expressed as the gencral
condition

0 K 2- K -- (0PIP

An explicit solution to equation (9) is not available, discrete values of B versus tP can
however be oblained using for example the Newton-Raphson method for determining the
roots of an equation. Only one of the three roots so found satisfies the validity condition.
Curve fitting to discrete results provides the following expressions giving P from values
of B to an accuracy of +0.5%.

P = 6 + 2.69B - 2.53x10-2B 2  0 sr B s 6
(11)

P = 6.86 + 2.43B- 5.03x10-3 B2  6 r. B ,: 25

Theoretical pressures in the step bearing are calculated using thLse expressions. When
T. and therefore B is set to zero equation (11) reduces to the solution for the Newtonian
model of

P(Newtonian fluid) d 6 (12)
dx nU

A part-circular bearing as shown in figure 3(ii), rather than a plane bearing, is used
in the experiments. Solution for the part circular geometry follows a similar procedture
to that above. The equation of motion of the fluid is now

2dor + r2 d = rp (13)&r dO

which when combined with the Bingham plastic constitutive equations (expressed
appropriate to circumferential flow) gives the following general flow equation equivalent
to equation (6) above.
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= - T)Inr - S + C2  (14)
2 d2r2 (4

This equation is applied to find the angular velocity profile by the application of
boundary conditions equivalent to those listed above for plane hearings. The flow rate
is then obtained and is set equal to zero. The solution is given in appendix A, using P
and B as defined by equation (2).

The effect of the curvature of the bearing upon the P and B relationship is illustrated
in figure 6. Note that P and B for the plane bearing, equation (1), and for the part-
circular bearing, equation (2), are equivalent if x is taken to be equal to ROO, i.e. if the
arc length, I,, rather than the plane length, it, of the bearing is taken. For the bearings
used in this work (dimensions given in table 2) h/Wo is of the order of 0,01. As might
be intuitively expected and as shown on figure 6 such a value of h/Ro has negligible
effect upon the P vs. B relationship as long as the arc length of the bearing is used, this
is particularly true for small values of r, and therefore B. As -r, and therefore B increases
so does the significance of bearing curvature.

Pressures for the ER fluid tests are ;herefore predicted using equation (11), with P
and B defined by equation (1). Note that the pressure rises linearly along the bearing
length (since the pressure gradient is independent of x), so the pressure at the tapping,
P,1 being the required pressure, is obtained from

dp P p P h2

ci; l t• ltI" 1Pu

The largest value of B used in this work is 0.217. This gives from equation (11) P =

6.58, that is the Newtonian value plus 10%. Whilst the shear yield stress of 27 Nn" 2 is
small it cannot be as easily ignored ;s the curvature effect.

6. Results

The agreement between theory and experiment for control experiments 4 , using a
mineral oil, has shown the experimental arrangement and theoretical basis to be
fundamentally sound. The experiment is therefore a valid test of the continuum
behaviour, or otherwise, of the ER fluid.

To ensure the required limiting pressure was measured, that is zero or near zero net
flowrate is achieved, preliminary tests were conducted with a varying load on the
bearing. Pressures levelled off to a steady value as expected4 , and the constant load used
for further data collection was established.

J.t"
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Tests with ER fluid were conducted within a temperature range of 24 to 38 °C, and
were kept short to justify the use of unworked fluid data from the viscometry tests. The
ER fluid container was shaken before z test sample was extracted to ensure homogeneous
fluid. Experimental and theoretical limiting pressures are compared through the ratio
Pexp./Ptheory', the theoretical pressure, Pheory, being given by equations (11) and (15). The
properties determined in the viscometry tests are employed in the calculations. This
comparison of expefimental and theoretical results is shown in figure 7 for bearings one,
two and three, in which Pexp.'Ptheory varies between 0.81 and 1.01 for ER fluid.

As noted previously 4 the agreement between theory and experiment for ER fluid is
somewhat less than that for mineral oil. It has been proposed 4 that the additional errors
obtained when using ER fluid, and the variation of this error with temperature as shown
in figure 7, are due to significant deviation of the test away from the assumptions of
isothermal flow and a test temperature being given by the thermocouple at the bearing
entrance. This deviation being fluid dependent. Theoretical explanations for temperature
discrepancies have been discussed more fully e& ewhere4 , suffice to say here that the
combined effects of working the fluid, heat generated by Coulomb friction, and heat
transfer between the fluid, the bearing and the atmosphere, would be expected to
influence the test temperature and it is whether this effect is significant that is important.

The crucial temperature is that which occurs inside the bearing. For this reason
bearings were manufactured to include a thermocouple inside the bearing at the position
of the step, all other features of the bearing desigrn remaining the same. Tests using these
bearings, under the same conditions as before, indicated that a significant difference in
fluid temperature can occur between that at the bearing entrance and that at the step, the
latter tending to be greater than the former, The differences could be as much as 2 'C
for ER fluid at test temperatures close to atmospheric, about 23 'C, and decreased as test
temperature increased. The occurrence of the larger errors at tile lower test temperatures
corresponds to where the fluid viscosity is most sensitive to temperature. This evidence
matches the ob"'rvations of the data shown in figure 7 being that temperature errors and
reduce as the test temperature increases. As an example a 2 'C change in temperature
of ER fluid at a bulk temperature of 23 'C corresponds to a change in pliastic viscosity
of approximately 13 %.

To minimise temperature errors further tests were performed using a thermally
insulating chamber around the experimental apparatus. The chamber tenliperature was
adjusted using a hot air blower and temperatures recorded using three thermocouples
placed i,. !he fluid reservoir, at the bearing entrance, and at the step within the bearing
respectively, '.!sults were recorded only when thermal equilibrium was achieved such
that the three temperatures were within 0.25 'C. In this way data was obtained at close
to isothermal conditions. The data for testing with both mineral oil and with ER fluid are
shown in figure 8 and reflect, for both fluids but particularly for ER fluid, the improved
temperature stability, The results are significant not so much in the fact that they are so
close to 1.0, aithough that is not undesirable, but more so in not showing the large
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temperature dependency of Pexp.!Ptheory for ER fluid that was previously encountered.

7. Discussion

The properties of an unexcited ER fluid have been determined from conventional
viscometry tests, showing the fluid to be well approximated as a Bingham plastic with
a small yield shear stress. The ER fluid was then tested in a part circular Rayleigh step
bearing and the experimental results compared with theoretical predictions made using
continuum theory and the Bingham plastic properties already established.

Results from tests using ER fluid and bearings 1, 2 and 3 in atmosphere showed some
unexpected temperature dependence, and as a result interpretation is soml;what
complicated. Further tests have however shown that significant temperature errors are
likely to have occurred in the original ER fluid tests, enough to account for the
discrepancies in the theoretical and experimental comparisons.

The possibility of any important deviation away from continuum behaviour of the ER
fluid being masked by temperature considerations is disproved by the final tests
conducted under controlled temperature conditions. The results of these tests are shown
in figure 8 and confirm the continuum behaviour of the ER fluid.

8. Conclusions

The ER fluid tested has the properties of a Bingham plastic as shown by figures I and
2 and given in table I, and is somewhat time dependent with 7C increasing if the fluid
is worked for 36 minutes.

The results of tests using ER fluid, taking into account temperature effects where
necessary, show that shear flow behaviour of the ER fluid can be modelled on a
continuum basis using fluid properties determined from standard viscometry tests. This
conclusion is restricted at this timte to the experimental conditions encountered where the
minimum dimension of 'he flow channel is approximately 50 times the average particle
size.

Of further interest is the behaviour of excited fluid in shear flows, reported in part 114

of this work, and the behaviour of both unexcited and excited ER fluid in thinner films.
Both of these investigations require the sound experimental and theoretical basis provided
by the work performed herein.
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11. Appendix A

Presented in this appendix is an outline of the solution" for idealised flow of a
Bingham plastic in a part circular bearing, as shown in figure 3(ii), at a condition of zero
flow rate such that a core of unyielded fluid exists in the flow. The radii of the internal
and external surfaces of the beariog are R0 and RI respectively, such that the bearing

height h equals Rh - R0. The core exists in the region R, -4 r < R2 . Certain comm1on
factors appear in the solutions, the following identities are therefore used for brevity.

F. - = I - - h (A.1)2 k 2 &

where B and P are defined in equation (2).

The following boundary conditions apply.

I. At r = RO, It = (l.
2. Atr - RI, jr, 0.
3. Atr = R2 , r=0.
4. At r" . Rh, wo 0.

5. Core thickness satisfies steady state equilibrium requirements.
6. W, = RI "• °r - R2'

These conditions in conjunction with equation (14) provide the angular velocity profile
as three expressions covering respectively the three regions of below the core, the core
itself, and above the core, care must be taken in analysis to follow the change in sign of

shear rate and therefore of shear stress across the core region.

Re < r : R 1 R2 (r +2 I

Sg-(F) Inr R + - (A.2)

11 2 I ( RA) 1Ih
~~~ r~l r ( ~)[n~) + (R)ý2 (R)2

to et r wi th h! R -h2• Rhh -- Rh.

together with



620 2 i h ) 2 +' ' )21
S[( ((A.3)

(J2 F.

R 1 ) F-

The obvious conditions for this flow profile to occur are Ro R, < R2 •5 Rh. These

conditions are in fact derivatives of the mome fundamental requirements

I C ,.,l : ',, , = T , TR, = -- C (A.41

which if required can be used to determine more explicit (hut complex) conditions.
Volumetric flowrate per unit width, q, is given by appropriate evaluation of

q = fwrdr

(A.5)

= ---- r r 2• dr + fr 2 d i dr [r 2d ,&2 2f dr fl dr ri dr

which gives

q 1 IF ) I n ý R ý '
(A.6)

The required solution of zero flowrate is obtained by setting equation (A.6) equal to zero
and solving simultaneously with equations (A.3). The problem is dhen

f(B, P,-2L) = 0 (A.7)

An explicit expression for P as a function of tB, h/R0) cannot be obtained, discrete
solutions must be obtained by numerical analy:is. For a particular value ol hz/Ro there is
only one value of P for each value of B that satisfies both A.7 and the validity
requirements of A.4.

• . ' "
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Figure 2 Shear stress I shear rate data from cone-on-plate tests, worked ER fluid.
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ABSTRACT

The behaviour of an excited clectro-rhetological (ER) fluid under conditions of steady state

hydrodynamoic pressure generation is investigated experinentaly and compared to theoretical

analyses developed by assuming the fluid to be a Bingham material. This is a direct

continuation of the investigation -f unexcited ER fluid reported in Part 1. Apparent proj.rties

of the excited ER fluid determined from viscometer tu.sts are used in theoroticAl predictions

of fluid behavionr. Data for the samno fluid under different conditions, reported in the

literature, are considered alongside the new data. The comparisons made indicate that, at

least for the conditions examined, the Bingham plastic tmodel is acceptable for engineering

design calculetions.

1. Nomenclature

B Bingham number
E electric field
h step height of bearing, fluid gap in viscometry

linear iength of bearing to pressure tapping

arc length of bearing to pressure tapping

L height of fluid in viscometer

p pressure
dp/dx pressure gradient
P non-dimensional pressure gradient

r radius
Ro, R,ý radius of inner and outer surface

T torque
U linear velocity of moving surface
V voltage

w width of bearing

xyz coordinate axes
WX geometric parameters of the visczometry equipment
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shear rate i s1
nominal shear rate
plastic viscosity

0 absolute tWimperature
r- shear stress
Til measured shear stress
r, yield shear stress
U1 angular velocity

2. Introduction

Alongside research into the fundamental physics of ER fluids and the
development of improved fluids1 there is an important need to study practical
ER fluid behaviour. ýt has been suggested 2 that the properties of an excited
ER fluid depend upon shear rate, temperature, and flow condition and
geometry in addition to electric field; at the same time tile fluid is a
suspension of solid particles in a liquid carrier. Combiihd, this makes
effective and innovative design with an ER fluid an almost impossible task
without the use of simplifying approximations. Adopting a necessarily
straightforward approach therefore, this work examines whether some of the
problems and unknowns of ER fluid behaviour could, in the circumstances
of steady state hydrodynamic pressure generation, be sidestepped by
designers. Until such time as theories are developed which successfully
explain the physical phenomena of ER fluid flow practical investigations of
this type are useful in attempting to progress towards commercial ER fluid
applications.

The uncertainties of designing with an ER fluid are
i. the continuum problem,
ii. the consistency problem.
These are, mnore explicitly, whether the two phase solid - liquid miXttre can
be considered as a simple continuous liquid phase with no special
consideration for the presence of solid particles, and whether self similar
behaviour occurs between devices and instruments of different sizes, designs,
and flow conditions when a consistent theoretical approach is taken. These
problems are examined herein for steady state hydrodynamic film flow. Data
4s obtained from a Couette flow viscometer for excited ER fluid and this is
analyzed by assuming a continuum tl.cory to apply, giving approximate
continuum properties for the ER fluid. These properties and a consistent
theoretical analysis are then used to predict the behaviour of excited ER fluid
in the hitherto uninve~tigated flow condition of combined Couelte and
Poiseuille flow, that is in circumstances of hydrodynamic pressure generation
in a part-circular Rayleigh step bearing. Comparison between the theory and
practical measurements enables a critical analysis of the behaviour of the ER

I

I ,•.,-.
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fluid. This work improves upon a prior investigation of excited ER fluid
flow 3, for which fluid properties were not available, and is based upon the
scientific and theoretical approach developed in part 14 where the behaviour
of unexcited fluid was examined.

3, Fluid description and model

The ER fluid used comprised a dielectric liquid containing lithium
polymethacrylate particles averaging about 5 jm in diameter and occupying
about 30% by volume of the mixture, The water content of the particles is
15-18% by weight. This is the same type of ER fluid that was used in part
14 of this work, under unexcited conditions, and has been used under excited
conditions in circumstances of Poiseuille flows.

From cone-on-plate viscometry tests4 the unexcited ER fluid has been
shown to be best approximated as a Bingham plastic, defined by

"-C = + -- sgn(' I') I 1 ' I (1

1=0 H-r !g1"

with a yield shear stress of 27 Nn- 2 aid a plastic viscosity versus
temperature relationship of

Tip = 1.43 x 0'e0 1e•o (2)

where q,, (Nsm 2 ) and 0 (K). This is for fluid that has not been worked for
any length of time, when worked the yield shear stress of the fluid appears
to increase.

A Coueti•e type concentric cylinder with the facility to apply an electric
field across the Pluid gap was used to investigate the properties of the excited
fluid. The details of the equipment are as follows

Radius of inner c)linder, P0 = 13A.:9 mm.
Radius of outcr cylinder, Rj, = 14.0(J5 mm,.
Size of fouid gap, h = -R o = 0.515 mim.
Length ir contact with fluid, L 40 mnm.

Data was r-.corded at two tem.eratures, 30 'C and 35 °C, by mcasuring
the torque on the (ýulcr cylinder for a range of speeds of rotation, Q, of the
inner cyJinder and at a potential diffeience V across the i'loid gap; this was
,erfermýed fsr.. X 2S different vnltages at each C,- the two tcnkp-raturc:i.
Exarnp'e. 'f thte esults are shown on figure 1 where the nowinal shear -rWe
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and measured shear stress were obtained from the recorded paramcters by

S T (3)
2TtRh L

and the electric field strength is given by

E = V (4)
h

The same trend appeared in the data at both temperatures. At low electric
fields the Tm versus j,, relationship is close to linear across the whole range
of shear rates but at higher electric fields the approximate linear relationship
breaks down at the lower levels of nominal shear rate, Similar deviation from
any smooth curve or line has been noted previously 6 and is not unusual. A
-econd trend, again common to the data at both temperatures and not
unexpected 7 was the reduction in slope of the data with increase in electric
field.

For the purpose of analysis in the presenlt work the fluid is assumed to be
a Bingham plastic, as defined in equation (i), with a yield shear stress that
depends upon electric field intensity. The nominal shear rate versus measured
shear stress data is the:- '-re analyzed to provide the -q and r, values at each
value of applied el 11. Analysis of the flow of a Bingham plastic in
the viscometc:' pr.-

= =- P'.'X *+ ' W

2 2( (5)

-1 x

valid only when

_____ i&(~~2 ~ 11(6)
2 -h-L• 4Z) - h I-6

Best straight lines of the form

sj. 4 t (7)
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are fitted to the linear portion of each set of T, vs. , test data by linear
regression. The required Bingham plastic parameters are then given by
comparing equations (5) and (7) thus

t. = (8)x ' = W r P x

The re and /I, values so obtained are shown in figures 2 and 3 which
include fitted lines. The values of n given by equation (2) are also included
on figure 3. Figure 2 shows that the calculated yield shealr stress values
increase smoothly with electric field, and that although test temperature might
be expected to have an effcct 6 it is Ilegligible in this instance. T, call be
expressed

0 & E f 0.39 187.6E

0.39 < E & 2.7 205E 2 4 362E -102 (9)

( E (kV/nmi), 't, (Pa))

In general, as shown on figure 3, the calculated values of' are subject
to considerable variation. At low electric field and at 35 "(. the plastic
viscosity calculated from tile concentric cylinder viscometry agrees closely
with that determined at zero field inl cone-on-platL viscometry given by
equation (2). However, at 30 'C the discrepancy between the two valuCs is
approximately 20 %. The trend discernible from figure 3 is lotr 7), to decrease
as electric field increases. The following expression is used to represent the
data at 35 `C.

0 - E e 3.0 i,, - 0.074 - 0.0213E

E a 3,0 lip 0.01 (10)

(E (kWlmra), Yj (Pas))

The second expression is necessary because a negative plastic viscosity is not

possible within the Bingham iplastic model.

The determination of a value from the slope of a line that is i
approximate fit to data points which are themselves sub.h;t to error is a
somewhat inaccurate procedure, particularly when thle slope is small. This is
precisely the situation encountered here in obtaining values for -%. As can be
inferred fromh figure 1, at high values of yield shear stress the slope of any
fitted straight line can vary as much aý five times (0.01 - 0.05) for errors in

-1'
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measured shear stress of less than 10 %. This goes some way towards
explaining the variability in n, shown in figure 3.

To remain straightforward the above analysis of the visconietry data
makes no attempt to account for deviations away from the ideal Bingham
plastic model, in particular those variations at lower shear rate illustrated on
figure 1. The validity condition, equation (6), indicates whether, as assumed
in the derivation of equation (5), the modulus of the shear stcess in the
Bingham plastic is greater than yield across the whole of the fluid gal). Since
the torque is constant with radius the shear stress reduces with radius, such
that when the condition of equation (6) is not satisfied there exists
(theoretically) a region or core of unyielded fluid attached to the outer
cylinder. As a result the complete theoretical r.. vs. j, relationship for a
Bingham plastic is, beginning at zero shear rate, a smoo.h curve which as ý,,
increases has decreasing gradient, becoming a straight line at the point
defined by equation (6). Although this expected deviation from linearity does
not account for that obtained, the point at which equation (5) becomes invalid
(by condition (6)) does tend to correspond with the point at which the
measured shear stress begins to adopt unexpected values i.e. theoretical and
actual behaviour tends towards enhanced disagreement when a core is
predicted to exist in the flow. It is possible that the applicability of the
Bingham plastic model reduces when a core is predicted to occur in the flow;
this is potentially significant in the application of the model.

A second aspect of the analysis of the viscometry data is that the electric
field strength as calculated by equation (4) is a conveniient approximation
only. More correctly

V

rin

and since r. is a function of 1, then it is in turn a functioii of r. Assuming

c aE 2 + bE + c (12)

theni flow in te viscounetier of a Bintuiam plastic with this dependence of
yield shear stress upon radius gives9 t

-',tX + a(Er:,)2 + b 2 (E R) + cW (13)
-P +1

as the equivalent to equation (5), with the condition, as before, that this

.... ,,
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applies only when there is flow across the whole gap. The constants a, b, and
c are then determined by minimising the sum of the differences between the
predicted intercepts, given by the term in square brackets in equation (13),
and the actual intercepts of the straight lines fitted to the data as in equation
(7). Proceeding in this manner gives a maximum difference in r, from the
expression in equation (9) of 0.6 %. A similarly negligible influence upon the
results is obtained if the n, variation with E and therefore with r is
incorporated into the analysis.

4. Test apparatus

The test apparatus is designed for the measurement of hydrodynamic
pressures generated using an ER fluid under an electric field in a part circular
Rayleigh step bearing. The same experimental equipment as for unexcited
fluid4 is used, the essentials of which being a step bearing loaded against a
rotating disc, which is partly immersed in the ER fluid, and an appropriately
positioned pressure tapping, as showni in figure 4. Fluid is drawn into the
bearing from the reservoir by the rotating disc, the latter having a diameter
of 58.5 mm. and a constant speed for each test of 207 rp.m. Pressures were
measured using semiconductor strain gauge pressure transducers. The only
modification made to the equipment for this work is the addition of a O.C.
high voltage supply and satisfaction of the necessary insulation requirements.

Pressures within the bearing are measured at the repeatable limiting
condition of zero flow rate, that is h2 = 0 in thle schematic diagram of the
step bearing shown in figure 5. The thickness of the fluid filml is then gm./eln
by h. Tests were conducted at steady state conditions in atmosphere,
approximately 23 'C, and te.mperature was measured by a therniocouplc
positioned in the ER fluid at the bearing entrance. Such an arrangement for
tLflperature measurement was identified as being error prone in tests using
unexcited ER fluid4, however thn. data on figures 2 and 3 suggests that
temperature sensitivity is not a inaijor factor in the current tests. Other than
these temperature considerations the test arrangement and concepts, being the
practical achievement of near zero flow rate and tha use of a zero flow rate
theory, have been shown 4 to be an effective test of fluid behaviour.

Bearing 1I / r __h jw/ ]I
1 14.88 0.244 6.86

2 10.16 0.28 6.91

Thable I : Step hearing dimen.siong.

,d r
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Bearing design is illustrated in figure 4, two bearings were tested having
the dimensions given in table 1. The ptfe Visert on the bearings provides the
required electrical insulation and forms the bearing step and side wails with
the latter employed to provide a one-dimensional flow condition.

As shown on figure 1 the viscometry tests using the ER fluid cover a
range of nominal shear rates up to 2600 s-1. In comparison the bearing
dimensions and experimental apparatus used give a nominal shear rate in the
bearings, as defined in equation (3), of approximately 2536 s1. Howver, at
the condition of zero flow rate in the bearing the shear rates will be
considerably higher than this nominal value. The viscometry data does not
therefore fully cover the experimental couditions within the bearing. This is
part of the test of the Bingham plastic model since the model include,, the
implicit assumption that fluid parameters do not vary with shear rate and do
not therefore have to be measured across wide ranges of shear rates.

5. Theory

"The theory for the flow of a Bingham plastic in the step bearing at a zero
flow rate was developed in part 14. Experimental and fluid parameters are
linked through the expressions

P = 6 + 2.69B - 2.53>x102 B2 0 _ B s 6
(14)

P = 6.86 + 2.43B - 5.03xl0-3 B' 6 • B s 25

with P and 11 defined by

B T, h
ts " U (15 )

P dp h' dp __p

d-. l x, U dx ItC

Equation (14) is a close approximation to discrete solutions of an exact
implicit P versus B relationship for flow in a plane bearing at zero flow rate,
as developed in part I of this work. It has been shown4 ,8 that the use of 41,
the arc length to the pressure tapping of the part circular bearing, and the
small ratio of film thickness to disc radius in the tests, means that the errors
introduced by application of this plane theory to the part circular case are
negligible. Since the curvature of the fluid film in the bearing, as measured
by the ratio h/Ro, is similar to that in the viscometer discussed in section 2
the effect upon electric field and hence upon fluid properties is reasonably

~~~~~~~~~ ---.. . . . . . .- --. -----. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . .
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assumed to be similarly nagligible. Electric field is therefore as defined by
equation (4).

Theoretical pressures in the step bearing, denoted by ",ury, can thus be
predicted from equations (14) and (15) and the fluid properties and test
geometry, The inverse of equation (15), for example to calculate the apparent
yield shear stress from a measured pressure is approximately

B = -2.17 + 3,51x10 4-P + 1.56x104 P2  ( 0 • P ,• 22) (16)

B = -2.76 + 4.03x10 1-P + 4 ..I9 xLO-4P2 (22 • P s 60)

6. The effect of particle size.

The Ineory which results in equation (14), gives the velocity profile of tile
flow as shown in figure 6. Three regions can be identified, region 2 being a
core of unyieided fluid existing within the flow, and regions I and 3 of
yielded fluid either side of the core. Denoting the size of these regions by./',
J2 and f3 then

-' 1 B !-~

h 2 P P- 2B

f2  , B (17)
h P

f3 I B I
h 2 P P - -2B

The heights, h, of the step bearings used in this work were chosen to be
approximately 50 times the average particle diameter so that the movement
of particles within the bearing is not restricted. If particles are to exist in the
3 regions in the flow and if a velocity profile is to occur that is similar to the
smooth continuum profile assumed in the theory, then the dimensions of thle
regions are important. !n the limit a region must be at least one particle
diameter, that is greater than approximately 0.02h for the average particle
size of 5rtm and film thickness of - 0.25 mm. used in this work.

Figure 7 shows the variation in the size of the three regions against B as
predicted by continuum theory. It can be seen that the effect of there being
a likely minimum core size of one particle, that is a restriction of Jf/h Ž

0.02, is negligible since the curve for core size is so steep for small cores.

,,4b
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In6 fact the enforcement of a minimuni core size in the theoretical analysis

indicates that minimium core sizes of up to 0.2h have aln effect of less than
I1% upon tihe values of P obtained for particular values of B.

Of most importance is, as shown in figure 7, the size of region 3. For
particle diameter = 0.02h region three reduLLuCs to 3, 2, and 1 particle
diameters at 8 -. 16, 29 and 80 respectively. For larger ratios of particle
diameter to film thickness region three approaches 1 particle diameter at
significantly lower values of B.

7. Experimental results.

At a particular applied electric field the pressure in the bearing rises with
applied load to a steady value at which additional load had no significant
effect. 'l'hce limiting (zero flow rate pres!,ures) are shown in figure 8 against
electric field. Note that there is not expected to be any correlation between
the data from tGe two bearings due to their differing dimcnisions. Ita test was
left running for any length of time, paiticularly with an electric field applied,
the measured teomperature of the ER fluid would increase significantly. In
order to achieve results at reasonably constant temperatures data was
recorded during only brief periods of operation of the equipment, of thle order
of' 10 seconds. For the two bearings the measured temperature varied
between 34 and 36 *C during the tests and, since it is not considered critical,
is taken to be 35 'C.

Generated pressure clearly increases with E, as is expected if r, is
increasing. Theoretical and experimental pressures are compared using the
parameter Poxp./Ptllty on1 figure 9. In this figure the fluid properties used to

determine Pwory are those given by equations (9) and (10).

"The daia can also be assessed in comparison with independently obtained
data for the same fluid at a similar temperature. Equation (16) enables the
apparent yield shear stress exhibited by the fluid in the step bearings to be
calculated from the experimental pressures. This data is compared in figure
10 with apparent yield shear stress values exhibited by the fluid in tests of an
ER fluid valve5, that is pressure driven axial flow between two concentric
cylinders. The data for thle valve is determined from pressure versus flowrate
measurements made on the valve, together with a Bingham plastic analysis
of the flow, and the valve geometry. In the derivation of the data shown on
figure 10 it is necessary to assume values for the plastic viscosity to apply;
those given by equation (10) are used.
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8. Discussion

The agreement between theory and experiment from tests with two
different step bearings as shown on figure 9 is, for all but one point,
remarkably good and is strong evidence that the experimental pressures c11,1
be predicted to acceptable accuracy using the continuum approach adopted.
There is no known explanation for the apparently errant point on figure 9, it
is possibly due to incorrect measurement of experimental parameters.
Additional data points may be necessary to confirm no unexpected behaviour.
The consistency, or otherwise, of the ER fluid behaviour is further examined
using the available data in figure 10. This figisre is essentially comparing the
behaviour of the ER fluid in the three flow conditions of Couette fluw
(viscometry), Poiseuille flow (valvc tests5), and combined Couettc and
Poiseuille flow, and also across a wide range of shear rates - the theory
predicting different ranges to have occurred in each of the flow conditions.
Considering the potential errors present, in particular those associaled with
pump/flowrate measurement in the valve tests5 , figure 10 shows good general
agreement between behaviour in the different flow conditions.

The largest value of 3 that is calculated to occur in the bearing tests is
approximately 120 and is for bearing I at 3.2 kV/nn. By equation (10) the
low value of 0.01 is then used for plastic viscosity, a value of 0.015 may be
just as applicable making B around 80. For bearing 2 a value of 3 of around
80 occurs at E = 2.8 kV/mm. It would appear that the tests are operating
just at the boundary of where continuum theory might be expected to break
down according to the analysis of section 5 and figure 7, any effect of this
could however not be discerned. The p•ossibility of the region sizes as
discussed being significant in "lie applicability or otherwise of continuum
analysis requires examination. This would be best achieved by investigation
of thinner fluid films. For the potential use of ER fluids in controllable
bearings films of perhaps an order of magnitude thinner than those employed
in this work are required. Particle size may have to be reduced by a similar
magnitude.

The theory predicts a core of unyielded fluid to occur in the bearing flow
whenever flow rate is zero. Although it was proposed from the viscometry
analysis that the predicted presence of a core in the fluid flow may be a poinlt
at which continuum analysis becomes unreliable this does not appear to have
been significant in the bearing tests.

The significance of the plastic viscosity to the data analysis should not be
neglected. As indicated the expression for -qp given in equation (10) has been
used in the calculation of data on figures 9 and 10. An example of the effect
of neglecting the variation of plastic viscosity with electric field is shown in
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figure II where calculations to produce values of pthcory have used the plastic
viscosity at 35 'C given by equation (2), constant with electric field strength.
Discrepancies between theory and experiment becomle on average 20 %
larger. It is clear that the plastic viscosity values and variation are significant.

9. Conclusions

There is strong evidence to suggest that tile excited ER fluid under the
conditions of hydrodynamic pressure generation imposed conforms to the
continuum Bingham plastic mode) used. For situations where tihe size of the
raricles in the fluid are of the order of one fiftieth of the gap height the
hydrodynamic pressure can be controlled and, with prior knowledge of fluid
properties from standard laboratory tests, be predicted, Furthermore the ER
fluid tested behaves in a consistent manner in the three geometries and flow
conditions encountered.

Of further interest is the behaviour of the fluid in thinner films and the
response time of the ER fluid in the step bearing to the application of the
electric field. One of the potential advantages of using ER fluid in
engineering machinery is improved controllability by virtue of a rapid
response. Such investigations form part of a continuing research programu.
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AlklSI'RACI'

The generation of ideas for devices using clectro-rheological (I:R) fluids is a
reiatively straightforward process. Ilowcver, the develotpment o1 commercially
viable ER products is not. From an Cnginleering perspective the seicice is of the
utmost i terest, but from tile contntercial viewpoint Ohe market is fundamental.
What are the probletms encountered with existing ER fluids and how do we select
ait idea that miitnises technical risk yet conl'ers a competitive edge?

It is suggested that current fluids are appropriate to a range of industrial
applications but market penetration is inhibited by a fixed approach to the design
of devices. A suggested way forward is the use of Elk fluids in contpression as
opposed to tile conventional arrangemet of fluids in shear. A proniisi ug
application is considered which has evolved front the consideration of valve
designs using the compressive stress capability of FER fluids.
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HISTORY

The early days of my association with ER fluids was directed towards the
more basic understanding of ER Miuds in flow. This work generated a number of
inieresting devices as well as a number of novel ideas for controlling either the
pressure loss, or flow rate through a valve. However, none of the devices were
commercially orientated. During the mid 80s American Cyanamid became
involved with, ER fluids and so began the current renaissance of the technology.
Why did their involvement begin the renaissance of a virtually dormant
technology? Simply because they began to aggressively markzt the technology, this
made others take notice, and so sparked off an ever increasing interest and
awareness of the technology. It is almost a decade since their involvement and you
could argue that not a lot has happened since then, but I think you woult be
profoundly mistaken. From the initial push in the mid 80s the foundations have
been steadily laid, new materials developed, new concepts elaborated, new ideas
put forward, and new designs evaluated. Yet still the elusive first commercial
product has to be realised, why? Is it a lack of will, of investment, of fluid
performance, or a lack of ideas? Contrary to popular belief, the gcneration of
ideas for ER devices is a relatively straightforward process. I am confident that,
together with four of five participants from this ur any other conference, we could
in some 30 - 45 minutes generate maybe 20 - 30 ideas. The problem in any new
and wide ranging technology, such as ER fluids, in not the generation Of ideas but
the selection from these ideas viable commercial ones.

It is perhaps this difficulty that divides industrialists and academics.
Academics see the broad range of possible products and cannot understand why
there are not at least some on the market. The industrialist however, know all to
well, that the road from concept to product is difficult and expensive. It is not only
tihe technical developmeot but also the productionisation of the product, the
marketing and selling of the product, the servicing of the market as well as the
after sales servicing of the product, and of course the disposal of the product at
the cod of its life that are important. It is not surprising therefore, lhat before an
industrialist sets out to launch a product it is planned in some detail so as to
o inimise the risk of failure.

So how do we go about selecting devices and what are the risks associated
with selection?
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SELECI'ION & RISK

Those who may have been expecting, and hoping, for a list of opportunities
and a set of rules on how to select the best ones are in fo. a disappointment.
Whilst I do have my own list, as well as a set of selection criteria, these are clearly
very sensitive material and I will not disclose them. However, there is one well
defined principle - reduce risk wherever possible.

Broadly there are two risk factors to be considered in any development
process, the tcchnieal atid the commercial. These factors are interlinked. In the
hard world of cotmmercial reality the ideal technical solution is rarely, if ever, the
ideal commercial solutiotil So how do we define both the ideal technical and the
ideal commercial solution? Perhaps we could define the ideal technical solution
as one that would meet all the technical requirements over the required lifetime
of the product with zero, or negligible, risk of failure. Whereas the ideal
comnmercial solution might be a product that has the lowest mnanufacturinlg, selling,
and distribution costs whilst commanding the highest possible selling cost. That is
the largest gross profit margin.

Clearly then within these two definitions there is ample scope for conflict.
The c•ost to produce the ideal technical solution may be far in excess of the price
that any customer is prepared to pay for it. Alternatively the ideal commercial
solution may lead to a product of such low quality that only the foolish would
purchase it. What we require is a compromise, a compromise between mnaximising
both the coimmeercial returns and the excellence of the technical solution. The
compromise may well be along the lines of a product that the customer, you or
I either directly or indirectly, will pay for and be wholly satisfied with, That is, the
perceived value to the customer is, commensurate with the financial investment
requi,'ed. I have dwelt (nIt dtefinitions to illustrate the conflict between a good idea
and a good commercial product. It is one of the features of ER technology that
the good idea is often not a good coinmeicial product. The commercialisation of
ER technology requires that the good idea and the good product merge.

Should we be surprised then that a technology discovered in the late 30,
is still in its commercial infancy? Upon serious reflection the answer is an
unambiguous no. Not only were the supporting technologies, colloid science, high
voltage amplifiers, control theory, and microelectronics lacking then, many of them
did not even exist. It was simply imnpossible for the technology, at that time, to
develop into commercial products. Now that we have the supporting technology
there are attempts to redress the issue by overstating the technology and making
unreal claims over unspecified fluids. Why does this occur? Because we have to
deal with the scepticism that expresses itself in phrases like "if its any good why
has not anyone exploited it before?" or "it a solution looking for a problem" or "its
only a laboratory curiosity" or "its been around for 40 years with nothing
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happening so it will never happen". There are many rebuttals to these derisive
comments, but perhaps the most damoming is to simply point to the fact that
commercial products are beginning to emerge.

Whilst we may see the appearance of some embryonic commercial
products in well defined environments this should not delude us into thinking that
all is solved and it is only commercial inertia and investment policy that stops the
dawn of a new ER age. There still remain a significant number of technical
barriers as well as a significant number of commercial barriers to be breached
before the technolog.y will have wide spread applicability.

What are the key issuei that currently bedevil ER technology? Are their
ways
we can circumvent them or turn them to our advantage?

KEY ISSUES

The issues can be broken down technically and commercially as follows:

Technical Issues

I The yield stress, hlowever defined, is too low.

2 The fluid requires to much power for most applications.

3 The temperature range is to narrow,

Market Issues

I electrotdic control is required, why not maximising the benefits and
advantages obtainable'?

2 ER fluid devices axe reactive, why not exploit the opportunity ,ffereu.

You will observe that while the technical issues have a negative flavour, the
market issues can always be expressed positively. The difference, although
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cosmetic. carries an important message. It ratl'er like saving to someone, "You're
looking more beautiful than ever" as opposed to "You're not as ugly as you used
to be" the same statement, but weighted more positively.

However, to address the issues we need to try at,ý define the problem a
little more precisely. If the yield stress is to low, what does it need to be? What
power level is acceptable'? What temperature range is required? Can we define
our problem clearly or are we always chasing the wind.

The Magnitude of the Yield Stress

It is clear that even the term yield stress is problematic. It has been pointed
out that we may well be dealing with a number of so called yield stresses, both
static and dynamic. Not only do the magnitudes vary, the dependence on flow
rate, in the case of valve or duct flow, and shear rate, in Couette tlow, vary. The
static situation usually provides the largest value and is often quoted by fluid
developers wishing to impress or acquire funds. Couette flow is usually the most
severe test and is usually quoted by the large multinational fluid developers as it
is the most cautious value. Value flow usually gives values somewhere between the
two.

Not only do ER fluids withstand shear forces they also exhibit compressive
and tensile features. Clearly this behaviour cannot exist in a liquid but is
predictable for a solid. It is surprising therefore that until now little attention has
been focused towards this behaviour in ER fluids as it can lead to some significant
advantages. One of the curious aspects that adds to the confusion is the fact that
because pressure, shear stress, yield stress, and compressive stress, are all
measured in N/nvý they are often taken as the same parameter. I know of a least
one situation where claims are made for large compressive and tensile stresses
that are implied to be yield stresses. Such claims are just plain confusing to the
uninitiated and leave the prospective user frustrated.

Electrical Power

When we turn to power requirements the question really is how much

power is required by the device and how much power is available during
operation. If tie ratio of power required to power available is less than one then
were OK. At one it becomes mi, ginal, above one its simply no good. Clearly
lower power demand is better as the power supply is smaller and cheaper. In
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addition to this power demand is also temperature dependent, which le.ds to the
third question, that of limited temperature range.

T'emperatutre Range

Similar to the statement that the yield stress it to low, saying the
temperature range is to small is unhelpful. Similarly saying we need a temperature
range of'-550C to -F200"C is equally unhelpful. There are temperature windows
where devices operate, some are well regulated, the weaving industry for example
is tightly controlled, some areas less so, for example offices, factories, warehouses.
Others are more wide ranging, with some of the severest being the automotive
and aerospace requirements. It is unfortunate that one of the largest potential
markets, that of automotive, has one of the severest temperature requirements,
as well as some of the most demanding performance versus cost conditions
attached. This hinders market penetration

LINKAGE

I now want to turn to a basic design is.uC that I term linkage. Duclos' first
publicly raised this issue in an SAE paper, in simplified from it says that for given
requirement of energised force transmission to un-energised force transmission the
volume of fluid required depends on the ratio of the viscosity to tile yield stress
sq uared. That is changing the geometry, length, width, gap of, say a valve will not
give additional advantage. The pcrformance is dictated by the ratio of viscosity to
yield stress squared.

Similarly the power requirement is a function of the geommctry, whilh we
have seen above is effectively fixed, and the product ol the field and the current
density.

So, to improve mechanical performance we need to inCreasc yie ld stress
or reduce viscosity, ie improve the fluid's stress transfer capability. To imnp)rove
electrical performance we need to reduce current density, again thereforc, we
need to improve the fluid.

Is this the only way forward? f it is wc can only wait until the fluid
developers produce and market the next generation I-R fluid. I lowcver, given that
many researchers ure still mixing their own first generation EtR fluids, starch and
sunflower oil, despite tilh fact that second generation ER fluids arc readily
available, we could have to wait somne time to see any significant progress. Can we
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approach the problem from another direction and ask ourselves can we break the
linkage between viscosity and yield stress and if so how?

BREAKIiNG TIHE LINK

Breaking the link calls for one thing, and one thing only:

imaginafive dcsin

or creativity in the use of ER fluids. It is my belief that to much time and effort
has been spent either re-inventing starch and silicone fluid, building simple
parallel plate clutches, or constructing basic dashpot damper,;. Apart from a few
isolated examples there seenis to be no effort directed towards novel way:i of
using existing fluids to enhance device performance. To show that it can be done
I will illustrate one route that breaks the link.

USING ER FLUIDS IN COMPREFSSION

IER dashpot dampers and cylindrical clutches use ER fluids in shear.
However, ER fluids also have a compressive stress capability. For the last nine
months we have been studying this feature, (funded by the European Commission
Brite-EuRam Feasibility Scheme), and designed and developed both a
compressive ER valve and uni-directional shock absorber. So what do I mean by
using ER fluids in compression? Basically, rather than load the fluid in shear we
subject it to a compressive or tensile stress. If an ER fluid is placed between two
unbounded electrodes and a field applied the material will resist both a
compressive and tensile load. Clearly, if a tensile stress results in a tensile strain,
the effective field applied will reduce and rapid fracture may result. However, a
compressive strain increases the field which enhances load bearing capability. We
can use such a feature in a valve as shown in the slide. Two valves are shown in
figure 1, one using the fluid in compression the other using shear forces. The valve
consists of a body with a spring supported poppet valve assembly. The poppet
valve assembly is extended to provide an upper floating eiectrode. The lower
electrode is insulated from the body. The poppet valve is permanently biased to
an open position with the spring. The valve can be designed so that full closure
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is not possible and flow through the device can always occur. Alternatively it can
be allowed to fully close thus operating as a selectable, and controllable non
return valve. The design onl the right shows a similar arrangement but using static
shear forces as opposed to compressive forces. Alternative arrangements can be
easily conceived to use valve flow forces.

In all cases the closing of the poppet valve is controlled by the voltage
applied to the electrode which acts on the fluid and uses the compressive stress
behaviour. The final height being determined by the flow forces on the poppet
valve and the compressive stress induced in the ER fluid. The design is essentially
uni-directional but the principle may be used as bi-directional with a pair of
poppet va;ves. As long as tie device receives a voltage it allows flow in either
direction. Reducing the applied voltage reduces the poppet valve gap and
increases the flow loss through tie valve. With zero voltage the device can be shut
fully.

The main advantage is to reduce the linkage between viscosity and yield
stress. The compressive stress in this arrangement typically operates as a static
yield stress, that is a fluid with a 3.0 kPa excess stress in Couette flow exhibits a
yield stress in the order 10-12 kPa under compression. There is a simple formula
that relates yield stress to force via the radius of the electrode. It is then simple
a matter of balancing the poppet valve closure forces against this resisting force.
The link between viscosity and yield stress is not completely broken however. The
pressure loss through the poppet valve is a radial flow loss and is viscosity
dependent, however the force required to hold open the poppet valve is
significantly less than a comparable shear requirement. Furthermore the it is quite
possible to totally separate the ER fluid and the operating fluid. The ER fluid can
be isolated by means of a diaphragm seal arrangement from the fluid that flows
through the poppet valve. This enables a hybrid of conventional hydraulics and
ER fluid control which completely severs the link.

Shock Absorber

Shock absorbers are not only used on cars. Every moving object possesses
kinetic energy. If the object is required to change direction or stop, its kWnetic
energy must be d:ssipated. Unless the energy dissipation is controlled, shock forces
will cause damage to the structure of the object or to associated equipment. The
simplest form of energy dissipator is a spring or rubber bumper. However, thesc
devices only store energy which has to be dissipated elsewhere in the system. A
dashpot is slightly better since it provides a means of energy conversion.
Unfortunately, this energy conversion occurs chiefly at the start of the stroke and
imposes a significant initial shock load.

, .,4 €
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Linear decelerators or industrial shock absorbers are an attempt to
overcome the problem. They are designed to dissipate energy linearly over the
entire stroke. Being industrial they are located in factories are have a less severe
operating temperature window than automotive requirements.

An elementary ER dissipation device based on a dashpot is mechanically
simple. However, when detailed calculations are conducted the energy absorbtion
of an ER decelrator according to this principle is limited and consequently has
no advantage over in existing conventional device unless tile fluid can be
improved by a least on order of magnitude, 20-30 kPa being required. This
limitation can be overcome using a compressive ER valve. A valve member is
,:onstructed so that it can be retained in the open position during flow by the
introduction of a force which opposes the flow forces tending to close the valve.
The opposing ftorce is generated directly from an electrical input by using either
the compressive characteristic of the electrically stressed fluid between the
electrodes.

Figure 2 shows a -st.henatic of a possible shock absorber using a
compressive stress valve. By applying a voltage between the two electrodes the ER
fluid solidifies and the valve can be held open. The pressure drop generated this
valve can be calculated using tile expressions for the laminar flow of a fluid
through a radial gap. The pressure drop through the valve is a function of its
geometry and the opening of the valve, Consequently tile kinetic energy of tile
impacting load can be dissipated by controlling the pressure drop through the
valve and will result in the load being arrested. As the load is decelerated the flow
rate through valve decreases and hence the pressure drop through the valve
decreases. This can be compensated by reducing the valve openinig. This is
achieved by reducing the voltage applied between electrodes. Hence by controlling
tile compressive stress characteristics of the ER fluid the opening of valve can be
controlled and controlled deceleration of the load can be achieved. The fluid
inertial forces due to the impact are significant and the valve needs to le shielded
from them. This is achieved by diverting the fluid away from the valve by a
diverter. Naturally a general arrangement of the device appear:; more complex
than the simplified schematic as shown here, but the essential features are all
included. The additional complications come only from the particular mechanical
engineering constraints.

In this particular configuration the pressure is monitored and used as tile
control signal. A schematic of the control system is shown. For linear deceleration
constant internal pressure is required and a typical control strategy is outlined in
figure 3. Upon impact of the load the piston is moved causing an increase in
internal pressure. This pressure characteristic can be compared with a
characteristic either stored in the memory of a microcomputer or generated by tile
microcomputer from measurements of pressure against time. The error signal is
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computed and processed to give the required uutput voltage to the high voltage
power supply. The signal processing is such that the no,-iinear closure
characteristics of the valve are accounted for. The nature of either the stored
characteristic or the generated one can be modified as required for specific
purposes. Hence deceleration profile of a non-linear nature can be envisaged.

Whilst this works effectively, it is not particularly cost effective and a non-
contact magnetic displacement sensor is used in practice.

MARKEF ISSUES

In the above description of an ER industrial shock absoi her we have barely
touched on market issues. The essential feature is to make a virtie out (if the
need for control and electronics. The electronic "intelligence" is a requirement so
it should be maximised. The device can sense both the external and internial
environments and adjust continuously. Consequent advantages are:

Reactive features are added, the damper reacts to the load and adjust itseif
to optimise the deceleration or damping.

The measurement of speed and displacement gives an estimate of the mass
and propelling tfrce, hence we now have data on the object. Is ii full, half
full, or even empty? The shock absorber becomes part of the quality
control procedure for the production line.

A running count of' the number of operations can be implemented.

The controller has a communication link and can either download or
upload data. iHence it can be remotely reprogrammed for different
conditions or transfer data to other areas using an industrial standard
pro~tocol.

These then are some of the inherent advantages of involving electronics
which can be expressed plainly as "providing information and data".
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CONCLUSIONS

To recap the ground covered in this presentation I hope I have stressed the
need to align possible technical excellence with market opportunities. In thii way
some of the less favourable questions posed of ER technolugy can be answered.

I also addressed the three key issues of yield stress, power requirement,
and temperature range. Consideration of these led to what I term "linkage", the
apparent link between two basic fluid properties, viscosity and yield stress, and the
output of an ER device. It was intimated that unless thiz link could be broken
early penetration of ER devices into larger markets would have to wait for fluid
development. Fortunately, this was not the only route and the use of imaginative
design solutions would help. One possible solution was put forward and some
simple geometries indicated as well as the application of this into an otherwise
unpenetrable market, industrial shock absorbers.

As a company we have moved on a considerably distance in the design of
"link breaking" design and have developed what are effectively ER amplifiers.
"These are far simpler, more reliable, and more effective solutions than those
detailed here. For example, the most promising design creates the illusion of t 10
kPa fluid from a I kPa fluid and at the same time reduce the electrode area by
a factor of seven. l1owzver, lack of time and commercial prudence dotes not
permit me to disclose more.

So before I close let me le'Ave you with two closing points vital to the
selection process:

1 REDUCE RISK

2 IMAGINATIVE DESIGNS CAN OVERCOME FLUID
LIMITA TICNS

REFIERENCES

1 1'. G. Duclos SAE Paper 881134 1988
Design of Devices Using Electrorheo!ugical Fluids

4'lt
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HEAT TRANSF1 '1 MODELLING OF
A CYLINDRICAL ER CATCH

R Smydh, K H Tan and W A iBullough
Departmnent of* Mcchanica! and Process Engineering

The University, PO Rox 600, Sheffijeld, SJi 4DU, United Kingdom

ABSTRACT

in eleetr-o-rheological (ER) devies thle control of tetniprature is often of paramount
imaportance. For a device through which the ER fluid is not able to flow contintuously to
and from a reservoir, where it mnay be. cooled, this can le a problemn. Such a situation
occurs in thle ER catch. Illic heat genorated there will predomninantly be dissipated froin
the ouwr surface of the drive/input. Thec rate of heat transfer is thusa principally a
function of thle speed and area ofI that sur face and the temiperatures of thle Elk fluid and
atmosphere. Since these. factors reflect on the levels (if eleoetro-stre'.;S, current
requiremeunt and viscosity of the ER fluid, an opportunity exists for optimisation oif catch
performaunce..

T1he paper shows the results of an investigation into the effects onl thle cooling/becating
problem of varying the radii of thle clutclh rotors, titeir relative rotational Npeed and intei-
electrodle spacing. Equilibrium fluid temnperatures are confirmed by experimental
evidence. Thle effects ot hecat generation in run up to speed and clutch locked periods.
(through electro viscous drag and dielectric loadintg respectively) are quantified and
comnpared with thle case of a contemnpotary ER fluid in a cylindrical catch onl zero volts
idling. At any givett operating cotndition, uniformn teniperatuie, viscosity arid constant
electro stress art, assurned throughout the fluid.

1. Introductioni

A fundamiental limitation on a machine lies in its capacity to dissipate thle heat it
generates. Elt devices arc particularly SuIsceptible to overheating at thle present time.
This is due to the relatively high shtear rates that are ciicountered in practice, the high
conitemporary zero volts viscosity of a fluid of useful electra-stress and limitations onl tile
am11ount of fluid that canl be employe-d. One method of cooling an ER device otl which
fluid power engineering is based, would be to circubiei 'i-~oulfluid through the zonec
of heating. This is effectivr; in ER flow mode inachines but is not an easy option in the
shear mode type of deviCe whtere "natural" cooling ;s comticquently most important.

The total heat transfer problem in an ER clutcht is very comiplex. Constantly
e~xcited, Qontrol~ed slippage devices may prodluce tctnpezm :imt 1gradtitts, large criougls to
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significantly alter the local vi:;cosity and electro stress with consequential disruption of
the velocity profile and subsequently the controllability of the slip rate, Digitally excited
(volts on-off) devices are therefore worthy of examination in respect of clutch control.

In order to make a start en the temperature control problem a.' such a system it is
necessary to separate the operational conditions before modelling them. If this can be
done on a quantitative basis, and the cumulative model tested to substantiate the
approach, then the various contributions to the heating rate caln be assessed from a
comparison of the product of the heat generation rate and residence time patterns to be
encountered in service. This is then to be balanced with the cooling characteristics and a
further step forward can be plained. The conditions ;n an unexcited and slipping phase,
a switching operation and locked plates are thus consdemed individually for the siniple-t
construction of clutch, a cylindrical device. The problem is further simplified by
assuming that the temperature in the ER fluid is that which exists on the inner surface of
a surrounding driver cylinder which rotates at a set speed - Fig. 1. The variables are then
reduced for one fluid to (i) effective radius, (ii) the conditions existing at its outer
surface, and (iii) the inner (driven rotor) radius.

Seal

Input shift Outer rotor

\ fc 7-) I nnh e r ro to r

-i .I --I--- ---.----.

-oto�r �, Beatin: I LR l L id

Oap Steel sleeve

Fig. I El Chutch

All analyses should be made as easy to apply as is possible. Thus the present

effort is conducted on a torque per unit length of rotor basis (since the heat generated and

its dissipation rate both depend on the ;ength of a cylindrical ciutch.). For a given fluid

the input power of a slipping clutch at zero volts is taken to le due to p- t only (the
product of viscosity and shear rate in the inter electrode gap) vnd the specific resistive
heating effect of a given fluid, being relatively small, is reckoned ftbr a given fluid to
depend only on the applied electric field strergth (H) which is alone assumed zo fix the
leccto-stress Te. Thus, the results ate easily translated !o situaý,ions where one or two

driven/driving rotor surfaces (double acting) and/or where thcre are one or two heat
transfer surfaces aic involved and/or for different durations of volts on/off0 The present
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analysis is based on the Bingham plastic form of clutch-continuum model with steady
heat transfer ensuing. However, the value of ,o (the zero volts and plastic viscosity
though # f(j)) does vary with fluid temperature 0 ev and in the present case the
significance of this factor is included by correlating base fluid viscosity and 0 whilst
taking the effect of volume fraction on mixture viscosity to be constant over a range of
temperature. This fundamental assunption is verifie, to some extent by previous
experience [ 13 and the fluid manufacturers (AFS Ltd. London) data.

2. Energy Generation and Heat Transrer at coz = 0 and Unexcited

2.1 Underlying Assumptions

In this alalysis only the shear stresses on the cylindrical surfaces of the clutch are
considered important. All heat transferred is assumed to be dissipated by the external
cylindrical surface. Uniiform conditions are taken to apply throughout the fluid film i.e.
the fluid is an isothermal continuum which endures uniform shear stresses and velocity
gradients yet, the effect of fluid temperature is considered not to change the level of

eleciro-stress to. A further assumption is that Te 6 f(j'). The flow is taken to be both
laminar and fully developed in the circumferential plane; radial and end effccts are
neglected. The flow of the ['uid at zero volts is essentialiy Newtonian.

. . . I luid

ati, on

ItIIct roto." RLotor wall

Fig 2. Schematic diagraln of Clutch Model
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With reference to the convention given in Fig 2, a simple combined radial
conduction and convection analysis with the equilibrium heat transfer rate Q linked to the
outer rotor surface and fluid temperatures Oo and Oev respectively gives:

-. 20 Q _ rI In (1)

27ki ri 2nr
(OC,-0 0 )=Q in Ei ,}2•k (2)

(6o - 20) Q= LJ (3)

u = ) (14)2 ro
The rate of energy generated by viscoos shear is given by woI where T T.2irr 2iej or,

Qg =P -h--t( 7ei) (5)

The heat transfer coefficient U can be related to the Nusselt and Reynolds numbers of the
air stream surrounding the outer rotor with the Nusselt numlber [2] deterinined from the
following expressions:

For mixed convection (Re<5 x 104)

Nu = 0.18 [(0.5 Re2 j Gr)Pr]°-315  (6)

For fbrccd convection (RZc> 105 )

Rellrv(J / 2
Nu 51'r + 51n(3Pr + 1) +2/Cd-- -- 12

where Cd is obtained from either

.. -... 1.828+ 1.77 1n ,, (tl.I >950) '-)

or 3 -368+ 2.041n(ReftJ (Re l < 950) /1)1
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For a stagnant ambient air condition well removed froti the rotor, there are 3
modes of convection: free convection, con.binedfree and forced convection and forced
convection. These modes are well justified for a horizontal rotating cylinder with a
smooth surface finish in stagnant air. Any variation of rotor inclination angle to the
horizontal or surface finish would invalidate the relevant equations.

A solution for the temp-rat ure ()Qv was achieved with the systematic approach
illustraed in Fig. 3. The Reynolds nunber was determined in order lo decide the
appropriate convection equation to be used, (equation 6 or 7). Therzafter simultaneous
equations are obtained fti 0ev. A computer progranmmc was written for the solution of
these.

... 4...0"I '.,e.It4.I'

Jl) I I ...I l t J :

I I
+ c- .Lk. C

1'ig 3. The solution prucedure for the maLhematical
model of the ER Clutch heat transfer behaviour

2.2.1 Eyfect of JReynolds number on the convection mode

The Reynolds number is defined as Re ý 4wxi.2/,h (8)

The air kiv,'maL;," viscosily u was taken at the bulk air temperature 01 which is the
average value of tni suiface temperature and the ambient temperature. By linearlising ii

S. . . . . . . .. . . . . . . . .. . . . . . . . .. . .. . . ... .. . . . . . . . . . . . . ...
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over the temperature range 20TC to I 00C, ij was obtained as a function of mean bulk
temperature. Using equations 9 and 11 below, the Reynolds number from equation (8)
gives the mode of convection.

There is an undefined region [2] sandwiched between the mixed and forced
convection regions which was classified as mixed convection, which gives a somewhat
higher temperature 0o than would be the case if forced convection had been assumed.

22.2 Combined Free and Forced Convection Mode (Re<5 x 10-1)

Referring to stage 1, 11 and III in Fig. 3, in the calculation of the Nusselt number
in equation (6) for this mode of convection, the properties of air were linearised in the
range of 20'C to I 00C as follows:

p = -3 x 10-30,, + 1.257 (9)
ka 7.4 x 10-501, + 0.024 (10)
-= 4.4x 10-30,a+ 1.727 (11)
Pr -1.9 x 10-40n + 0.712 (12)

where O,, is the mean bulk temperature of the air, i.e.

0M = ea +00 (13)
2

Equation (7) was expressed as function of 0o by incorporating equations (8) to (13), i.e.

Nu = a00
2 + bo -4 c (14)

where a, b, e are constant coefficients for particular values of (o and r0 .
A curve fitting technique was used to calculate the coefficients a, b and c.

Referring to stage C (Fig 3) the kinematic viscosity of the base oil of one ER fluid (Lipol
30/W) Vb is represented as (see Fig. 4).

vb = 0.0045 0ev2 - 0.841 Oev + 40.9 (15)

[he mixture viscosity is increased from this by a factor determined from manufacturers
figures for mixture and base oils at 300C.

Substituting equation (15), (4) and (5) into (1) gives an equation for 0•,, i e.

Oev = f(Nu, h, re, ri, e'i, e, wo, ks) (16)
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30 0

I . .

a.s 75 iCC,

Fig 4. Curve fitting for base oil used in Lipol/30W

The Nusselt nw-nber in equation (16) can be determined from equation (14) after
obtaining 0, from (2) to give the following relationship:

Nu = f(0ev, h, ro, ri, e1, e, wo, ks) (17)

Substituting (17) into (16) gives a final equation for 0ev in the form of

AOv 4 + l'OA3 4- C0ev2 + D ±,, + F ' 0 (18)

where A, 13, (', D and F are constants for fixed values of h, ro, ri, ei, e, k, and wa. The
Newton Raphs.tri method was employed to solve equation (18) for 0v at a given
geometric configur ,tion nod fixed angular speed.

2.2.3 Forced Convectwn Mode (Re>IOs)

This mode of hotat transfer (stage A, B and C in Fig. 3), is accounted for in
equation (7), with the parameter Cd obtained from equation (7a) or (7b). An exponential
curve fit of Cd was used as follows:
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Cd = (mlnRe)-k where n = 2.787 and m = 0.5693 (19)

Thir expression is used in equation (7) to obtain equation (14) with the same procedure
as that for mixed convection. Finally the same form of equation (18) is obtained to
provide a value of 0 ev for fixed conditions of h, ij, r., Ii, f, ks and Co. The corresponding
Nu is also available by substituting the solution of 0 ev into equation (14).

2.3 Resultsfor b = ý4

This section demonstrates the use of the programme for the idling clutch to:

(a) Investigate the variation of temperature 0ev with change of annular gap thickness
and outer radius to optirnise this temperature.
(b) Verify the reliability and accuracy of the method by comparison of theoretical
results and experiment data.

Some outline features of the expected clutch thermal characteristics can be
appreciated from the following idealised synthesis for the case of idling, i.e. running
without excitation voltage at full slip (neglecting residual friction and secondary modes
of heat transfer):

Rate of heat transfer by convection from the outer rotor is given by

Q = UA(0o - 20) where A z 27trn i

But at steady state, a temperature ratio k can be expressed as

k _- 00--20 Ei0 -20 where k is a constant
0ev - 20 AO

Hence for steady state thermal conditions (Q = Qg), from equation 5 we obtain

O -- -t0 (2 (20)

Thus it seems that:

(a) The temperature difference is independent of the length of the rotor when e, e.
(b) The temperature difference is inversely proportional to the heat transfer
coefficient, outer radius r, and the gap thickness h. However, the geometrical variables h
and r, are subjected to certain constraints with respect to device size, power, torque and
efficiency whereas U depends on the unbient temperature and the air flow condition.
(c) Any increase in viscosity, and angular speed and rotor radius in particular,
increases the temperature difference. The choice of viscosity and of the rotational speed
of the rotor are however, determined by the available fluid and duty of the clutch, often
leaving the change of rotor radlus as the only flexible and significant parameter to

'I.•"'

-.. .. . . . . . .. . .. . .. .. . .. . . . . . . .. . . . .. . . . . . . .- .
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influence the variation of temperature Oe'. It can also be seen that a reduction of the
radius rii causes the temperature to decrease significantly. Thus for a given torque
requirement it appears prudent to design a long slender clutch rather than a short one if
the torsional stiffness and size remain acceptable. However, the problem is one of
quantification of the effect of conditions on U. In this respect, for the values of physicai
parameters:

ri = 30.5 mrn, rii - 30 rnm, ro = 40 inn, t ý 60 ram. ti = 60 mm, h = 0.5 mm

a set of calculations were made to produce the equilibrium temperatures 0ev at rotational
speeds from 250 ipm to 3000 rpm and for ro = 60 and 80 mm (see Fig. 5).
Similar calculations were repeated for ro fixed at 40 mm and h = 0.5, 1 and 2 umm. Also,
rii 10, 20 and 30 mm are varied for fixed ro and hi. (See Figs. 6 and 7)

Mixed coiweclion Forncd convec;tion

, 71) , , ./ • •

S.,Outer Rotor
S60

Oaiter RLadius

S O

I30

.e20

t 500 1()(14) 15()1 2000 2500 3)000

Rotor Runinith Speed(RPM)

Ciotch Paraicters:
Fliide)ielcetric Base Oil/Lipol 30/w
Inhcr Rotor Radtis (r,) -30min
Outcr Rotor LUngth -- imer Itotor 1uagth
Gap Size (hi) = 0.5mm
Excitation volagc = 0

Fig 5. Effect of rotor running speed (N) on fluid steady state
temperature Oev for various outer rotor radii (r,)

------------ -----------------------
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Mixed convciotou Fot-ced Convct~ion -
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Mixcd co'iv'cction Forced comvccion

7 0 h iller R oto C

6 60 Radius

50 4, (3 ll1ill

" 401 -- 2011

5 30-

0I 500 1000 1511 200") 2500 3000

Ilotor Running Speed (RPM)

Cl'utch Pillallietrs
HiIIhID~lidectri law Oil/Lipol 101/%%

Olter Rotoi Outlc Radius (r ) - 4(1in11
Outer Rotol Lengthh-huicr Rolor Lengllh
Gap Sie (h) - 0.5mim
INxciatioln voltage oI

Fig. 7 Effect of rotor running speed (N) on fluid steady state
temperature O9v for various inuer rotor radii (rii)

3.1 The Switching Phase

Consider the motion switching cycle to start by uie application of excitation at I
;uid terminate at 3 in Fig. 10a. The torque is assumcd to be activated instantaneously and
be fixed by E alouc with a subsequent smooth run up to speed of the driven rotor (W02)
fiona zero to the constant dtiver speed wo.

Slip work = Jo(T +±7b)(ol -(D2 )dt where V is the rtun up time

It will be noted that both TO and co - W02 fall as (02 increases. Thus the real (full)
line of due to slip in Fig. 10b always lies below a projected linear progression (shown
dotted) from Qg max to Qg ý 0. Ilence the area under the dotted line is always an
overestimate of the area under the full line. For a limitinig boundary condition of T0 ,lax
-5 Te the overestimated value of this integral is; Te (01 V. When TO > Te the control
ratio TeITO falls to less than unity and the clutch becomes relatively uncontrollable.
Typically, for the 101 maPas Lipol 30/W fluid used in one test. [.to7 ikPa at 1500 rpm,
compared with -el~ax = 2 kPa at the same shear rale.

S. . . ... . . . . . . . .. . . .. .. .. . . . .. . .. . . . . . . ..
-'a
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Fig. 8 Clutch Rig Temperature Trial at 500 rpm

The real process shows good matching between load and drive since maximum
torque is generated at switch on and the least torque when approaching the required
locked state - this is contrary to say the action of a solenoid. The precise shape of the
actual Qg versus t will depend on the specific process, and in particular, the inertias of
the driven rotor and load. To avoid such complications and yet give some quantification
to the various heat generation phases the over estimate is used. Thus, the amount of heat

generated per switching process is Teo)lt' whilst that generated during a period t of full
slip is T(0)lt" = Te)ItC. Hence, the ratio of the heating effect (though only an estiuatc)
depends on tlhe relative durations of t' and t". For example a 50 milliseconds full slip
duration and a 5 millisec switching duration would give only an average 10% O nax

cating effect occuring n the rn, up period. !n such a process the over cmuralc is
justified. A similar argument can be made for a braking process given equaliiy of
energisation and de energisation phenomena [3].
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In summary, for any given speed these curves show quantitatively how 0 ev can be
reduced by the use of (in ascending order of importance) a large outer radius ro, a large
gap size h, and a small driven rotor radius rjj. The main drawback in reducing the rotor
radius is the consequent need to extend its length to retain the torque. This may cause
problems in installation and loss of torsional stiffness.

The tests done to date to confirm the analysis, have taken place on two fluids
(F~ig. 9a and Fig. 9b). Both havc relatively low base fluid viscosities (circa 20 inpas at 30
'C) and therefore are not very sensitive to temperature. An existing test rig [4, 71 was
used for the cxpNiments.

Radiation from the equipment has been neglected in calculations of heat loss.
Also, thle resistance to heat transfer which occurs at the inner surface of the outer rotor
ha., lbeeii asswnied small in comparison to that at the outer surface. L~iquid to soilid
surfac coefficients are normally much more conductive to heat transfer than at solid to
gas This is fortunate 3s no transport property data is available for the ER fluid- In the
ctase t-f rotors locked in the 'yield held' mode, the temiperature gradient in the fluid is
hkciv it) be very sinall as It is across thle thickness of thc Outer rotor. The closeness of
cxperi.i-ntal data to calculated pritdictions tends to support the simple approach used
here.

It bhould be unders.too that the viseosity of thle overall fluid mixture has been
estimiated from that of' thle ba~se oil, as given in the manufacturer., data for temperature
depenidwice, and an approximate model for the added effecti of' so-lids Content. Since the
accuracy of these procedlurcs will depend on thle specific constituents used, because of the.
original anid general niature of the pitesewi wotk. and to caw .omiputation, the base oil
viseosity/tO1niperature relationship has been cstiiiated by a quadratic. If.adoipted uwithout
C~heck thit. approach could lead it) An un~acceptable level Of' Mror. it does not impair the
..,onclusionls oft thle prew-it study

I mlall It 11111n14t he poin ted out that Ohe mm iodel p icsto ERI fluidS which fall
within time: ii1Clccit!"0miiC L0oncej' I dNIWIng so) little eletrical powkCr that theCY :wl be

The mlost Important result ito etmierge froimi the analyses is that the amouunt of
"niatural" cooling frow a rotating clutch can be substaniual, [he Imiplicatiuon oit this is that
provided care is taken with the design oft the clutch, significant levels (i of i can he
transmnitted without undue overhie aing problem.% arising A major C.actor in this
achieveineitl liel. In thle Selection of thC oiuier rotor as the cýonstanlt, higher speed unicnber

Bleyond zilis, an Inercase of, thle inter-electrodle spacing, albeit requiring a higher
voltage to maint~ain ti.. is the most powerful of the variables within thle destgnier's control.
An inciease of hi reduces the inominal shear rate I wD12h) (it improVe'. many other
operational factors [41) and hence: thle ratc offpower generation vIt a given slip speed bUt,
if takenu too far, mnay impair thle electron-hydraulic time dclay. Some alleviation oft such
a consequence may be had from higher temiperature operation whent Te often deLlines
less (Of- SOmIietnneli not at all) with increased shear rate 171. [bough the resistance arid
'.:'apaeitanwc of the clectrical load will thereby be affected, thle change that this causes ito
the heating load has not been calculated.
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Some reduction in fluid working temperature may be had from a reduction of the
diameter of the inner rotor (for the sarve torque) at the expense of an increase in it's
length. This will probably increase the surge current (via capacitance)and increase the
resistive load (reduced resistance)on account of the increased electrode area[S]. Speed
reduction seems to be a major factor in reducing temperature but, this, like the other
changes will affect the dynamics of the system and electric heating rates. Total
mechatronic steady and unsteady design is called for if and when specific application and
fluid characteristic data becomes available.

In the case of the application of clutches in any mechanism in which the time
spent in the switching is relatively short, the technique presented seems suitable for the
assessment of fluid temperature, In terms of steady speed governance of say a rotary
clutch the position depends on the relative duration at the three operational conditions.
the properties of the ER fluid and what extreme outer radii can be tolerated, this being
the least influential of ce designers control parameters.
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Nomenclature

A surfaee area of outer rotor (m 2)
Cd drag co.flicient
c, constant pressure bpecific heat of air at 20"C (JIkV'C)
D diuneter (in)

jfI
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E electric field strength (volts/h)
g gravitational acceleration = 9.81 mn/s2

h the annular gap size, ro - ri (m)
k temperature difference ratio (Oo - ea)/AO
ka thermal conductivity of air at 20'C (W/meC)
k, thermal conductivity of rotor = 15 W/m°C
t' the effective length of the outer rotor(m)
ti the effective length of the inner rotor(m)
N angular speed (rpm)
Q rate of heat transfer (W)
Qg heat generated in the fluid (W)
r radius (in)
r, the intenial radius of the outer rotor(in)
ro the external radius of the outer rotor(m)
r11  the radius of the driven rotor(m)
0 temperature (1C)
0v steady state temperature of the LR fluid (°C)
0o outer surface temperature of the outer k,,tIr in (°C)
O0 ambient temperature of air n20'C

01 mean bulk air temperature (00 + 0,3) / 2 (T()
I time
f run up time from o) - 0 to w2 (wl
I' duration of full slip, w2 - 0
1 duration uf plates locked, (w2 -- (t
TI torque(Nm)

U surface heat transfer coefficient (W/w 2"C)

Y shear rate, tr/h (s"1)
11 coefficient of volumetric thermal expainsion of air at 20'( (K-1 )
p density of air (kg/th )
ilk dynamic viscosity of lR fluid a' zero voltage (Vas)
11 dynauic viscosity of air at 20"C (Pas)
v kinematic viscosity of air at 20"C (n12/s)
Vb kieinatic viscosity of base oil of ER fluid (ni2/s)

x shear stress in ER fluid
A0 tcWIipCrattIf difference = 1o - 02 ("IC)
(0 running speed of'a rotor (rad/sec)
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subscripts

o viscous (zero volts) components - except when defined above
I driving (outer rotor)
2 driven (inner) rotor
C electro stress

Gr Grashof number = {3gAO8r~p 2

Re Reynolds number = Pa 4r6

IA

pr l'iandtl number p
k ,

Nu Nusselt number - IJ 2r,
ka
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